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Abstract 

ON , 

A review on the theoretical aspects and the experimental results of polarized deep in- 
elastic scattering and of other hard scattering processes is presented. The longitudinally 
polarized structure functions are introduced and cross section fromulae are given for the case 
of photon as well as Vt /± and Z° exchange. Results from the SLAC and CERN polariza- 
pH \ tion experiments are shown and compared with each other as well as their implications for 

the integrated g\{x,Q 2 ) are reviewed. More recent experiments presently underway (like 
HERMES at DESY) and future projects (like RHIC at BNL, HERA-TV and a polarized 
HERA collider at DESY) are discussed too. The QCD interpretation and the LO and NLO 
Q 2 -evolution of gx, i.e. of the longitudinally polarized parton densities, is discussed in great 
detail, in particular the role of the polarized gluon density as well as the expectations for 
x — > 0. Particular emphasis is placed on the first moment of the polarized structure function 
in various factorization schemes, which is related to the axial anomaly, and on its relevance 
for understanding the origin of the proton spin. Sum rules (i.e. relations between moments of 
the structure functions) are derived and compared with recent experimental results. Various 
other phenomenological applications are discussed as well, in particular the parametrizations 
of polarized parton densities as obtained from recent data and their evolution in Q 2 . Fur- 
thermore, jet, heavy quark and direct photon production are reviewed as a sensitive probe 
of the polarized gluon density, and the physics prospects of the future polarized experiments 
at RHIC (ftp) and a polarized HERA collider (ep) are studied. DIS semi-inclusive asymme- 
tries and elastic neutrino-proton scattering are reviewed, which will help to disentangle the 
various polarized flavor densities in the nucleoli. The status of single and double spin asym- 
metries, and the observation of handedness in the final state, are discussed as well. Structure 
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functions for higher spin hadrons and nuclei are defined and possible nuclear effects on high 
energy spin physics are reviewed. The theoretical concept of spin-dependent parton dis- 
tributions and structure functions of the polarized photon is presented and possibilities for 
measuring them are briefly discussed. Various nonperturbative approaches to understand 
the origin of the proton spin are reviewed, such as the isosinglet J7a(1) Goldberger-Treiman 
relation, lattice calculations and the chiral soliton model of the nucleon. The physical in- 
terpretation and model calculations of the transverse structure function are presented, 
as well as recent twist-3 measurements thereof, and the Burkhardt-Cottingham sum rule 
is revisited. Finally, the physics of chiral-odd 'transversity' distributions is described and 
experimental possibilities for delineating them are reviewed, which will be important for a 
complete understanding of the leading twist-2 sector of the nucleon's parton structure. In 
the Appendix the full 2-loop anomalous dimensions and Altarelli-Parisi splitting functions 
governing the Q 2 -evolution of the structure function g\ are given. 
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1 Introduction 

One of the most fundamental properties of elementary particles is their spin because it determines 
their symmetry behavior under space-time transformations. The spin degrees of freedom may be 
used in high energy experiments to get informations on the fundamental interactions which are 
more precise than those obtained with unpolarized beams. For example, the SLC experiment at 
SLAC is able to determine sin 2 6y/ with a higher precision by using polarized e + e~ beams than 
current experiments at LEP with unpolarized beams (for a recent review see, e.g., 475 1). 

Another aspect of polarization is the question how the spin of non-pointlike objects like the 
nucleons is composed of the spins of its constituents, the quarks and gluons . This question can 
best be answered in high energy experiments because the quarks and gluons behave as (almost) 
free particles at energy/momentum-scales Q » Aqcd- It is possible to attribute numbers 
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Figure 1: The basic polarized deep inelastic scattering process 



-AS + Ag + L 2 



(1.1) 



AS and Ag to the quark and gluon spin content of the nucleons which describe their total 
(integrated) contribution to the nucleon spin in the following sense [346, 360, 361] 

1 _ 1 

2 ~ 2 L 

where on the left hand side we have the spin (+5) of a polarized nucleon state and on the 
right hand side a decomposition in terms of AS(Q 2 ), Ag(Q 2 ) and the relative orbital angular 
momentum L Z (Q 2 ) among all the quarks |482| and gluons. Furthermore, AS = Au + Ad + As + 
Am + . . . can be further decomposed into the contributions from the various quark species which 
will be discussed in more detail in Sections 4, 5 and 6. 

Unfortunately, the decomposition ( |Ll|) cannot directly be measured in experiments. Instead 
various other combinations of AS and Ag appear in experimental observables. The predominant 
role in the development of understanding the spin structure of nucleons is played by the deep 
inelastic leptoproduction processes IN — ► I'X (Fig. ||) because of their unique simplicity: The 
processes are initiated by leptons and are totally inclusive in the hadronic final state. More 

ll| have anticipated the significance of these 



than 25 years ago Bjorken [105] and others [|303| , \ 
processes for the understanding of the nucleon spin structure. But only recently, experiments 
have become precise enough to test some of the theoretical ideas developed so far. Two earlier 
experiments at SLAC [HJ> HI and CERN |47|, [68|, |j§ were followed by new results from both 
laboratories in the recent years. Whether or not there is agreement between the new CERN 
and SLAC data will be discussed in detail and commented in the course of this work. The 
Hermes experiment which takes place in the DESY-HERA tunnel [185, 207] is expected to have 
somewhat smaller errors and will hopefully lead to further insights about the spin structure of 
the nucleons. 

In Section 2 we summarize all relevant expressions for polarized DIS cross sections and 
structure functions for neutral and charged electroweak currents. Previous and recent results of 



longitudinally polarized DIS experiments for gf(x,Q 2 ) are presented and compared with each 
other in Section 3. The LO and NLO QCD renormalization group evolution of g\(x,Q 2 ) and 
of longitudinally polarized parton densities 5f(x,Q 2 ) are derived in Sect. 4, as well as their 
small-x behavior. Section 5 is devoted to the first moment (i.e. total helicities) of longitudinally 
polarized parton densities and of g± in various factorization schemes which is related to the axial 
anomaly and its relevance for understanding the origin of the proton spin. Here, the Bjorken and 
Drell-Hearn-Gerasimov sum rules are derived and compared with recent experimental results 
as well. 

Section 6 includes most of the phenomenological aspects relevant for longitudinally polarized 
processes. We start in Sect. 6.1 with a brief historical review of 'naive' parton model expectations 
for polarized parton densities; then we turn to recent developments for determining 5f(x, Q 2 ) in 
LO and NLO from recent data on g^' n (x, Q 2 ) and the implications for their first moments (total 
helicities). Here we also discuss briefly the present status of the orbital component L z = L q + L g 
in ( |l.ip , such as the Q 2 ~evolution equations for L q ^ g (Q 2 ) and how one might possibly relate them 
to measurable observables. In addition, hard processes initiated by doubly (singly) polarized 
hadron-hadron collisions such as the production of heavy quarks, of large-pr photons and jets, 
of Drell-Yan dimuons etc. will be also suitable to measure the polarized parton distributions 
5f{x, Q 2 ), f = q, q,g, in particular the gluon distribution 5g(x, Q 2 )- Details will be discussed in 
the various subsections of Section 6. Furthermore, polarized ep and e + e~ collisions can also shed 
light on the so far unmeasured polarized parton desities of the photon which are theoretically 
formulated and discussed in Sect. 6.12. 

Various nonperturbative approaches to understand the origin of the proton spin are presented 
in Sect. 7, such as the isosinglet Goldberger-Treiman relation, lattice calculations and the chiral 
soliton model of the nucleon. Finally structure functions resulting from transverse polarizations 
are dealt with in Sect. 8. In Sect. 8.1 the theoretical concepts and model calculations of the 
transverse structure function g2(x,Q 2 ) are presented as well as recent twist-3 measurements 
thereof, and the Burkhardt-Cottingham sum rule is revisited. The physics of the chiral-odd 
'transversity' distributions is described in Sect. 8.2 and experimental possibilities for delineating 
them are reviewed. It should be remembered that a complete understanding of the leading 
twist-2 parton structure of the nucleon requires, besides the unpolarized and longitudinally 
polarized parton densities f(x, Q 2 ) and 5f(x, Q 2 ), also the knowledge of the transversity densities 
STq(x,Q 2 ) which are experimentally entirely unknown so far. 

The full 2-loop polarized Altarelli-Parisi splitting functions 5Pfp (x) and their Mellin n— 

moments (anomalous dimensions) 6P^ n , governing the Q 2 -evolution of g\(x, Q 2 ) and 5f(x, Q 2 ), 
are summarized in the Appendix. 
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1.1 Polarization of a Dirac Particle 



Let us start with a few basic facts about the polarization of a relativistic spin 5 particle. A free 
Dirac particle of four-momentum p and mass m is described by a four component spinor u(p, s) 
which satisfies the equation 

(p" - m)u(p, s) = (1.2) 

where p 1 = 7^p M . The polarization vector s is a pseudovector which fulfils s 2 = (s ) 2 — (s) 2 = — 1 
and sp = 0. The projection operator onto a state with polarization s is known to be 

P(«) = i(i + ^) (1-3) 

The transformation properties of s are given in Table 1 where we consider two Dirac particles 
which move along the z-direction in the lab-frame, one of it with transverse and the other one 
with longitudinal polarization. The transverse polarization vector is not changed when going 
from the rest frame to the lab-frame, but the longitudinal is. The important point to notice is 
that at high energies E » m the product ms l remains finite and converges to p: 

msi ~ p. (1-4) 
This fact will be used repeatedly in later applications. 





transverse polarization 


longitudinal polarization 


rest frame p=(m,0,0,0) 


s T = (0,1,0,0) 


s L = (0,0,0,1) 


lab frame p = (E, 0, 0,\/E 2 — m 2 ) 


s T = (0,1,0,0) 


s L = ^(V^ 2 -m 2 ,0,0,S) 



Table 1: A transverse and a longitudinal polarized Dirac particle in their rest and laboratory 
frame 



2 The Polarized Structure Functions 

2.1 Basics of Pure Photon Exchange 

Let us first consider Fig. [l] with photon exchange only. We assume that both the incoming lepton 
and the incoming nucleon are polarized (polarization vectors and S^). We shall see below why 
this is important. The procedure for polarized particles is analogous to the case of unpolarized 
particles, i.e. the cross section is a product of a leptonic tensor which is known (cf. Fig. ||) 
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and a hadronic tensor W^ u which can be expanded into Lorentz covariants whose coefficients 
define the structure functions which are to be measured. In unpolarized e{fj)N scattering one 
has the well known functions F\ and F2 whereas for polarized particles two additional functions 
gi and g 2 arise: 

WW = J cfixe*** < PS\J^(x)J u (0)\PS > 

<?« „ 1 

(2.1) 



M 



S° gi (x,Q 2 ) + (S°-^P°)g 2 (x,Q 2 " 



tpivpa is the totally antisymmetric tensor in 4 dimensions, £0123 = l)Ci023 = — 1 etc- an d the 
polarization vector of the proton is normalized to S 2 = — 1. Note that there is no analogy 
-^1,2 *~+ 912 because the contribution of g 2 to the cross section vanishes in the limit of ultra- 
relativistic on-shell quarks (S a ~ P a ) since there are not enough four- vectors available anymore 
to form an antisymmetric combination in Eq. fl2.1|) . Furthermore Q 2 = — q 2 and x = ^p- are 
the usual (Bjorken) variables of the DIS process. It is not entirely trivial to see that ( p.ip is the 
most general form of the antisymmetric hadron tensor. One has to make use of the e- identity 

to get rid of tensors like 

[{Pfj,£ua/3p ~ Pv£paf3p)q P + P ' qCfMuap] S°'p (3 . (2.3) 

The incoming lepton (Fig. |l]) is assumed to be polarized too. Why is that necessary? To see 
that let's have a look at the lepton tensor 

Lfiu = tr [(1 + 7 5^)(^ + mjh^ + mhv] • (2-4) 

Obviously, consists of a part independent of the lepton polarisation s@ and a part linear in 
8@, the former being symmetric in [i and u, the latter antisymmetric: 

Lfiu = L^ u (sym.) + 2im l e^ I/af3 q a s 13 . (2.5) 



The antisymmetry of the last term is due to the 75 in fll.q ) and to the vector coupling of the 
photon to fermions. With the symmetric part alone in Eq. ( |2.5| ), g\ and 52 cannot be extracted 
from Eq. ( |2,lD . One needs the antisymmetric part, i.e. the lepton polarization. 



From (2.5) it seems that all polarization effects are suppressed at high energy by a factor 
mi. However, in the case of longitudinal polarization one has ra\s^ — ► k@ [according to (|1.4[) 1 
and thus there is no suppression by factors of mi . In the following we shall always presume the 
leptons to be longitudinally polarized. 
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Figure 2: The definition of the lepton tensor 



How to measure g± and g^l The cross section a ~ L^ P W^ V will be of the form 

L^W^ = (sym.) (sym.) + L M „ (antisym.) W^ u (antisym.) . (2.6) 

One should try to get rid of the first term in ( |2,6| ) because it is the cross section for unpolarized 
scattering. One possibility is to consider differences of cross sections with nucleons of opposite 
polarization |145| , [322| , |340| , |55| , [466| 1 as is depicted in Fig. ||. In both parts of the figure one starts 
with a beam of high energetic leptons with lefthanded helicity (= longitudinally polarized with 
spin vector antiparallel to the direction of motion) . This beam is sent to two nucleon probes with 
opposite longitudinal polarization, i.e. with their spins along the direction of the lepton beam 
and opposite to it , and to two probes with opposite transverse polarization. In the difference 
of the cross sections [part a) of Fig]3| the unpolarized structure functions drop out and only g\ 
survives (with respect to the suppressed (2yx 2 M 2 /Q 2 )g2 contribution, where y = -p|), i.e. g\ can 
in principle be uniquely determined from measuring this difference. Similarly, in the difference 
of cross sections obtained from part b) of Fig|| the transverse polarization case [kS = k-S = 0), 
the sum |<7i + 52 appears. However, there is an overall suppression factor 2xM/ \J Q 2 , where M 
is the nucleon mass so that g<i can be obtained only from rather low energy experiments. The 
appearance of this factor has, of course, to do with the transverse polarization. We can take 
the fact that g% appears only in cross sections with transverse polarized nucleons as a hint that 
it is difficult to accomodate 52 m the parton model. There is no notion of transversality in the 
conventional parton model. We shall come back to this 'transverse spin structure function' in 
Section 8. 



2.2 Quantitative Formulas for Pure Photon Exchange 

To be more specific let us write down the most general cross section difference relevant for 
polarized deep inelastic fixed target £N scattering [|340|, 55 : 



d 3 [a(a) - a(a + it)] _ 8a 2 



dxdydcf) 



Q 2 



cos a 



y 
2 



2/V 



)gi(x,Q 2 



TT7 92{X,Q ) 
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a) C 



N 



N 



a_ - cl 



91 



b) ^ 



N 



N 



Figure 3: The basic form of the polarized experiments 




Figure 4: The geometry of the polarized deep inelastic scattering process in the lab frame 



sin a cos 1 - y —[-g^x, Q 2 ) + g 2 {x, Q 2 )]j. (2.7) 



This formula comprehends all information from the antisymmetric part of the tensor Eq. (|2.1[) 
where a is the angle between the lepton beam momentum vector k and the nucleon-target 
polarisation vector S, (ft is the angle between the k — S plane and the k — k' lepton scattering 
plane (cf. Fig. ||), 7 = 2Mx/y / Q 2 and a scaling limit has not been taken. From Eq. (2.7) it is 
obvious that effects associated with 52 are suppressed (at least) by a factor 



2M 



with respect 



to the leading terms. 
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More convenient than differences of cross sections are asymmetries 



a (a) - a (a + tt) 

= 7 \ i — 7 — i — T ( 2 - 
<r(aj + cr(a + tt) 



as, for example, the longitudinal asymmetry 



Al = (2.9) 

obtained for a = 0, and the transverse asymmetry At obtained for a = tt/2 and an asymmetric 
integration over <j>. 

Al picks up the coefficient of cos a in Eq. ( |2,7| ) whereas At picks up the coefficient of 
sin a cos <f>. Events with <f> near tt/2 or 37r/2 (where the nucleon spin is perpendicular to the 
scattering plane) can be obviously neglected in the determination of At; they are not a good 
measure of g 2 + 2/0i/2. 

The really interesting quantities are the virtual photon asymmetries 

A 1 = ai/2 - a3/2 (2.10) 

01/2 + °"3/2 

and 

A 2 = ^IL_ (2.11) 

01/2 + 03/2 

where (X\/2 and CT3/2 are the virtual photoabsorbtion cross sections when the projection of the 
total angular momentum of the photon-nucleon system along the incident lepton direction is 
1/2 and 3/2. Note that ut = 2(01/2 + 03/2) an d that the term otl arises from the interference 
between transverse and longitudinal amplitudes. The significance of these quantities will be 
clarified in subsection 2.3. 

A\ and Ai can be related, via the optical theorem, to the measured quantities At and At , 
or, equivalently, to the structure functions by means of the following relations: 

At = D(A\ + 77A2) (2.12) 

A T = d(A 2 -iA l ) (2.13) 

with 

M = (91 - l 2 92)/F 1 (2.14) 

A 2 = 7(0l+02)M. (2-15) 
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The kinematic factors D,d and 77, £ are defined by 

y(2-y) 



D 



y 2 + 2 (l-y)(l + R) 

V = 2 7 (l-y)/(2-y) 

d = D JJf e (2.16) 



e = »?(l + e)/2e 

with 



(2.17) 



- (l_y + y 2 /2) 

being the degree of transverse polarization of the virtual photon. D and d can be regarded as 
depolarization factors of the virtual photon. Note that rj and £ are of order Mj \J Q 2 . Finally, 
R is the ratio of cross sections for longitudinally and transversely polarized virtual photons on 
an unpolarized target, defined by 



2xF 1 (x,Q 2 ) = F 2 (x,Q 2 ) _ i ,V,J^2V ( 2 - 18 ) 
Note that in the limit 7 2 = 4M 2 x 2 /Q 2 <C 1, 



1+7 2 
'l + R(x,Q 2 ^ 



R =^k ^ 

where Fl = F 2 — 2xF\. Furthermore, in the leading logarithmic order of QCD one arrives 
asymptotically at the well known Callan-Gross relation 2xFi(x,Q 2 ) = F2(x,Q 2 ). 



2.3 A Look at the Forward Compton Scattering Amplitude 

Let us now briefly discuss the implications of the optical theorem on polarized DIS. The hadron 
tensor Eq. ( p.l| ) is the absorptive part (imaginary part) of the forward Compton scattering 
amplitude. This amplitude in general has a decomposition into four independent amplitudes 
which one may choose as 

1 " 5)] (2.20) 

+ ^) (2.21) 

1 " 5)] (2-22) 
1-i). (2.23) 



5pr(i + i^ 1 + i)+r(i-i 

T ( + I 

ipr(i + i^i + i)-r(i-i 

T(0 + i 
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Their degrees of freedom correspond to the four structure functions F\,F2,g% and 52. More 
precisely, the combinations ( 2.2C| )-( |2.23 ) correspond [ |322| , 165, 323, 404] via the optical theorem, 
to Fi, Fl, g\ — 7 2 <?2 and 7(51 + 52), respectively, with R being defined in ( 2.19 ). 

There are rigorous theoretical limits on the virtual photon asymmetries A\ and A2 in 
Eqs. (plQQ and (pH|) namely 

|Ai| < 1 (2.24) 
\A 2 \ < VR. (2.25) 



These inequalities follow from the hermiticity of the electromagnetic current 



which implies 



j a = j: 



a* a a u W^ v > 



for any complex vector a^. Suitable choices of lead to the above inequalities. 



(2.26) 
(2.27) 



2.4 Effects of Weak Currents 

Until now we have restricted ourselves to photon exchange only, i.e. to the processes eiV —* 
eX,fj,N — » fiX, at momenta Q « rriz, and have found two polarized structure functions 51 
and 52- If we take into account and Z exchange, three parity violating polarized structure 
functions usually called 53,54 and 55 arise in addition. They will appear, for example, in the 
scattering of neutrinos on polarized nucleons vN — ► I'X but become also important for the 
polarized extension of HERA at large values of Q 2 . Explicitly, the hadron tensor has the form 



1 195| , M, 396, |515, 432| 



fJtU 



M ( 

w^ u (s = 0) + —<!;.>, 



qPS' J g l + i£^ pa q p (S a 



^qS ( Pq 



Pu 



Pq x 1 
-2-^)54 + - 



Pu 



Pq 



s v 



qS 
^2 C 



Sq 
~Pq 

+ (P» 



P u )g2 + qS 
Pq 

o~qi 



s, 



qS 



q^qu 



93 



5s *2.28) 



In this expression g\ , 53 and 54 + 55 are the " longitudinal" structure functions which survive in 
the high energy limit, and 52 and 54 — 55 are the transverse ones. The appearance of symmetric 
tensors which are linear in S 11 is due to the axial vector component of the and Z couplings 
to fermions. Notice that terms proportional to q 11 or q u can be dropped in the definition of W^ v 
because they give no contribution in the limit ^ — > when contracted with the appropriate 
lepton tensors L pu . 

If one considers longitudinally polarized nucleons (S^ ~ P^), the structure functions 52 and 
54 — 55 are clearly not of interest. The cross section difference — a^Z of part a) of Fig. [3| will 
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measure a linear combination |55|, 195, [54|] of gi,§3 and g<± + 35 with coefficients depending on 
the vector and axial vector couplings of the W/Z to the lepton. 

Let us first consider neutrino nucleon scattering. Here the lepton tensor is the same for the 
polarized and the unpolarized case 

L^(long.pol.) = L^(unpol.) = 2(k' fl k v + k' v k^ - g^kk' + ie^ ual3 k a k ,/3 ) (2.29) 

because the ^VF + -interaction is V — A so that the neutrino is forced to be lefthanded. As a 
result 

L^(long.pol.)Ty^(long.pol.) = L^(unpol.)^ l/ (unpol.) (2.30) 

i<3-»9i ,Fi->g 3 ,F 2 -*g^+gs 

i.e. one can formally get the polarization cross section (cr!^ — a^Z) uN by taking the well known 
uN —* l~ X cross section for unpolarized beams and replace the unpolarized structure functions 
Fi by the polarized ones (here gt = g" N and Fi = F? are the structure functions specific to 
TV-scattering) : 

d 2 (a^-aZ) uN G 2 F s 1 y xyM vN x 2 yM uN 2 vN 

—ivi 1 ~ o - ^ET> x 9i —92 +yx(l + — )g 3 



dxdy 2vr (i + QL)2 iay 2 2E ' * L E E 



+(i-y-i^)[(i + ^r + rt-3i) 

where s = 2ME in the nucleon's rest frame. In contrast, if the nucleon is transversely polarized 
one finds 

- a^y N ~ L^(long.pol.)^(transv. pol.) (2.32) 

i.e. 

V m w 

+xyVs N + (l - y - X -^f)9l N - \al N }. (2.33) 



To obtain this result one should make use of the relations kS = (transverse polarization), 
^,2kq = q 2 ,P 2 = k 2 = and x = $- q . 



PS = 0,kP = — , 2kq = q 2 , P 2 = k 2 = and x = ^p-. In Eq. (|2.33|) we recognize the term 



~ + 92 which was mentioned already earlier for the case of pure 7-exchange. Note that 
the transverse cross section is suppressed by |y with respect to the longitudinal cross section in 

The corresponding cross section for antineutrinos, uN — > l + X (W exchange) can be ob- 



tained by reversing the sign of g\ and gi in Eqs. ( 2.31 ) and Q2.33|) . Note that, to get a 
nonvanishing effect, one must have kS = but qS / 0. 
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In Sections 4 and 6 a physical (parton model) interpretation will be given for the structure 
functions 51,53 and 54 + 55. It should be stressed that until today no satisfactory physical model 
exists for the 'transverse' structure functions 52 and 54 — 55. 

Let us now come to neutral and charged current interactions initiated by charged leptons, 
since neutrino induced reactions on polarized targets are not very realistic, because large nucleon 
targets are difficult to polarize. For sufficiently large Q 2 , charged (and neutral) current exchange 
occurs in /^-induced processes as well. As will become clear below, such an experiment would 
yield some very important informations on the polarized parton densities and will therefore 
hopefully be carried out in the next century. 

One has separate cross sections for charged and neutral current exchange. For the charged 



current processes, IN — * vN one can take over the results from above, Eqs. ( 2.31 ) and ( 2.33 ). 
For the neutral current the cross section consists of 3 terms, for 7-, for Z-exchange and for 
7- Z-inter f er ence , 

da ~ rf^LJlW^ + rp z L"^ W^ z + r} ZZ L W» vZZ (2.34) 

where 

LJl = 2{k , lx k„ + klkf, - g^kk' - i\e^ aP k a k'P) (2.35) 

Lf v = { Vl - \ ai )LH (2.36) 

L zz = (v t - \ ai ) 2 LH (2.37) 

vi = — I + 2s^ and a\ = — \ are the Z-l~- couplings and A = ±1 is the helicity of the incoming 
lepton. Furthermore, we have defined 



r? 77 = 1 (2.38) 
?irm| 1 
2V2na (l + K 

> m.t- 



V lZ = °jf\ * (2.39) 



m z 

,2 



Note that = , ■} a « 1.4 and 2ME=s. All 3 hadron tensors , W^ z and W zz have an 

expansion of the form of Eq. ( |2.28| ) , but of course for W" 1 " 1 one has gj 1 = gj 7 = gj 1 = due to 
parity conservation. All in all, there are 12 free independent polarized structure functions, among 
them 7 {gJ J ,gJ Z , gf z ,gJ Z ,g ZZ , 54+5,54^5) with and 5 without a parton model interpretation. 
The neutral current cross section for longitudinally polarized leptons is given by [54] 
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A x 2 M { n / xM\ A 
+4A-— g\ + 2xy 1 + — U (2. 



xyM s 



E ^ a V E , 
where, for negatively charged leptons, 

c77 = ^ c ~ t Z = vi _ ^ C ZZ = ^ _ Xai) 2 (2 42) 

and for positively charged leptons one simply replaces ai by —a/. Notice that when the lepton 
flips its helicity, A changes sign, and when the nucleon flips its spin, all terms containing a 
polarized structure function 51,2,3,4,5 also change sign. Upon averaging over A and S one obtains 
the unpolarized cross section 

^£|(-P-) -I E " $ E ^ + '(1- y- 2^) Fi 

X,S i 

(2.43) 

where we have again used s=2ME appropriate for a fixed nucleon target in its rest frame. 
Alternatively, can be simply obtained from -£sfr = ±£35- 

In the case of nucleons with transverse polarization, i.e. with a spin orthogonal to the lepton 
direction (z-axis) at an angle a to the x-axis, one has 

d 3 °NC „ * a , o„^„. « 2 V-_i^ifo_. rn 2 A X V M\ 



dx dy d<j) 



(X,S = S T ) = 2MEy^Yl^ Ci { 2x y F i + l( 1 -y-^) F 2- 2Xx { 1 -l) F s 
^vMm-^E-xyM i cQs{a _ ^ _ ^ ^ + 1 ^ 



) 54 " 2*33] } 



y y 



+-A^-y--^r)9l-^9\ (2-44) 



2 / zyM\ 

To experimentally unravel the whole set of independent structure functions one should make 
use of leptons of opposite charges and/or polarizations, in which cases the structure functions en- 
ter with different weights. Furthermore, use can be made of the propagator structure Q l ^ , 

so that one can separate the 77, and ZZ components by a measurements at different Q 2 - 
values. We shall come back to these processes in Sect. 6.7 where the parton model interpretation 
and some phenomenological applications will be given. 

3 Polarized Deep Inelastic Scattering (PDIS) Experiments 
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3.1 Results from old SLAC Experiments 

After the famous Stern-Gerlach discovery it became possible to produce and use polarized atomic 
beams. However, experiments with polarized lepton beams are a fairly recent development be- 
cause before 1972 it was not possible to produce a polarized electron beam. In 1972 physicists 
from the Yale university succeeded to polarize elctrons by photoionization from polarized alkali 
atoms. This was used afterwards for elastic scattering experiments between polarized electrons 
and polarized atoms. As time went by, beam energies increased from the eV level to the level 
where deep inelastic experiments can be performed. 

This is - in short - the prehistory of the SLAC experiments. The CERN experiments 
followed another route. They used polarized muons from high energetic pions. These muons are 
automatically polarized because of the weak V-A nature of the decay. 

But let's start with SLAC. High energetic electrons from a polarized alkali source were used 
in the SLAC experiment E80 which took place in 1976 [[361 The electrons in this experiment 
with energies between 6 and 13 GeV, scattered off a polarized butanol target, were detected 
by the 8 GeV spectrometer built for all DIS experiments at SLAC. Average beam and target 
polarizations of experiment E80 were rather high (50 resp. 60 %). In the butanol target only 
the hydrogen atoms contribute to the polarized scattering because carbon and oxygen are spin- 
nuclei. Therefore the effective target polarization is reduced by a "dilution factor" f = jl 
(=ratio of number of hydrogen nucleons over total number of nucleons). This dilution effect 
together with other nuclear uncertainties is a problem of all present experiments. The HERMES 
experiment |185|| at DESY is going to use a hydrogen gas target in which this problem is absent. 

The main deficiency of the E80 experiment was that its polarized source was rather limited in 
beam current. Nevertheless, it was possible to select about two million scattered electron events 
and to determine the asymmetry A\, Eq. ( |2.10| ), for the proton for several x values between 0.1 
and 0.5, and rather low values of Q 2 (about 2 GeV 2 ). The asymmetry turned out to be rather 



large, in rough agreement with expectations based on the quark-parton model [36, 91]. 

The desire to reduce higher twist effects motivated a second SLAC experiment in 1983 
(E130) p^] . This experiment was run at an electron beam energy of about 23 GeV. The 
beam polarization was increased to about 80% and a new Mdller polarimeter was built which 
allowed for continuous beam polarization measurements during the experiment. The detector 
was improved as well so that the kinematic coverage extended in x from 0.2 to 0.65 and in Q 2 
from 3.5 to 10 GeV 2 . The experiment concentrated on measurements of rather high x values 
and consequently collected only about one million events. 

In Fig. m the results for the proton asymmetry A\ are shown for E80 and E130 together. 
Their average of |p2| 



T^(< Q 2 >~ 4 GeV 2 ) = 0.17 ± 0.05 (SLAC E80, E130) (3.1) 
is in good agreement with the value (|) of the static SU(6) quark model |p23j, 168, [404|| and 



16 




• E130 
□ E80 



J I I I I I I I L 



0.2 0.4 0.6 0.8 1.0 

x 



Figure 5: The spin asymmetry of the proton from the "old" SLAC data from 1976 and 1983 



31. In the naive SU(6) model one has A\ = § and A\ = pg|j. 
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the Ellis-Jaffe 'sum rule' [ |303| , 228] to be discussed in Section 5. Here we have defined the 'first 
moment' of gi by 

r{> n (Q 2 )= f g^ n {x,Q 2 )dx. (3.2) 
J o 

However, the result ( |3.1[ ) is plagued by a large error whose main source comes from the extrap- 
olation into the unmeasured x ranges, in particular as x — > 0. We shall see that a discrepancy 
with the CERN data exists which originates from data taken at small x (between 0.01 and 0.1). 

3.2 The CERN Experiments 



The CERN PDIS experiments were started as an addendum [447, £8], 6£] to the unpolarized 
EMC deep inelastic muon-nucleon experiments. A polarized beam source of muons with energies 
E„ = 100 — 200 GeV was available to hit a polarized ammonia (NH3) target. Due to the high 
muon energy, x-values as low as 0.01 could be reached. 

The results from this experiment which was meant to supplement the SLAC data at small- 



x and to confirm the Ellis-Jaffe 'sum rule' [|303| , 228 ] came as a major surprise. Actually, 
they confirmed the SLAC measurements in the common large- x region but found too small 
asymmetries in the small- x region, in disagreement with the expectations of Gourdin, Ellis and 
Jaffe and the naive quark parton model. 

The high energetic muon beam is a low-luminosity beam because it is a secondary beam from 
the semileptonic decay of pions which are produced in proton collisions. Its main advantage is 
its high energy which not only allows to enter the small- x region but also guarantees higher Q 2 - 
values in the region of intermediate- x and a corresponding suppression of possible higher twist 
effects. In the rest system of the pions the emitted muons are 100 % left-handed, due to the 
V-A nature of the decay. In the laboratory frame the muons have a degree of polarization which 
depends on the ratio E^/E^. For the EMC experiment the beam was selected such that the 
polarization of the muon beam was about 80 %. The muon beam polarization was determined 
from the muon event distribution via a Monte Carlo study of muon production - an indirect 
and not really satisfactory method. 

The ammonia target was quite large, with a length of about 2 meters, and separated into 
two halves with opposite polarization. On the average only a fraction /, the dilution factor, 
of the target protons were polarized. The polarization of the target could be determined as a 
function of its length (by NMR coils placed along the target). 

The scattered muons were detected by a well established muon tracking spectrometer. It 
was possible to reconstruct the muon scattering vertex to determine that half of the target in 
which the scattering took place. The target spins were reversed (once per week) eleven times in 
the experiment. Changes in the spectrometer acceptance from one spin reversal to another was 
the main systematic uncertainty in the experiment. 
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Figure 6: Combined results of SLAC and EMC on eft |39]]. The dashed curve is an EMC 
parametrization of the data. 
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In Fig. H the combined results from SLAC and CERN on the structure function g\ are 
presented. The low values of the asymmetries at small- x translate into low values for the proton 



structure function and a low value for its first moment [447, B8L 



r?(< Q 2 >) = 0.126 ± 0.010 ± 0.015 (EMC, SLAC) (3.3) 

where the first is the statistical and the second is the systematic error which includes, as always, 
uncertainties from Regge extrapolations to x — ► 0; the average values of Q 2 are < Q 2 >= 
10.7 GeV 2 (EMC) and < Q 2 >= 4 GeV 2 (SLAC). It should be emphasized that almost all of 
Jo sfi_dx stems from the region x > 0.01 which gives []447| , 68, |6G|1 , instead of ((3T 



i 



g^(x, < Q z >)dx ~ 0.123. (3.4) 

o.oi 



If, on the contrary, one does not combine the EMC and SLAC measurements, the EMC asym- 
metry measurements alone imply similar results, namely [447, 68, |69|] 



r^(< Q 2 >= 10.7 GeV 2 ) = 0.123 ± 0.013 ± 0.019 (EMC). (3.5) 

The surprising EMC result triggered a second CERN experiment with polarization, the so- 
called SMC experiment [p2| , [20| [ . Instead of ammonia a polarized butanol target has been used. 
In butanol the only polarized nucleons are the protons (~ 12 %) and deuterons (~ 19 %). The 
goal of this experiment was to infer information about the neutron from the difference gf — g\. 
Butanol allows for a much more rapid spin reversal than ammonia, this way reducing the large 
systematic uncertainty from the varying detector acceptance. With the alcohol targets, spin 
reversals took one hour and were implemented every 8 hours. 

The main improvement of the SMC experiment was in the measurement of the beam polar- 
isation. It was obtained from the energy spectrum of positrons from muon decay. The positron 
energy spectrum is rather sensitive to the muon beam polarization and provides a direct mea- 
surement. 

In Figs. |7] and |8] the SMC results for Af and gf are shown which are plotted as a func- 
tion of \nx to make the small- x results more transparent. For x less than 0.1 the results are 
compatible with zero although with rather limited statistics. The theoretically more interesting 
longitudinally polarized neutron structure function g™(x,Q 2 ) can be obtained via the relation 

Q 2 ) = \ \&(x, Q 2 ) + Q 2 W - \™d) (3.6) 



where wd{— 0.058) accounts for the D-state admixture in the deuteron wave function |2 
The resulting @ g^(x,Q 2 = 5 GeV 2 ) is shown in Fig. | where the 'old' EMC (4471, g |6| 
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Figure 7: The virtual photon-deuteron cross section asymmetry as measured by SMC [2C] 
and compared to the SLAC E143 data Only statistical errors are shown. The size of the 
systematic errors is indicated by the shaded area. 
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Figure 8: gf deduced from Af in Fig. [?] evolved to a common Q 2 = 5 GeV 2 [p0| . Only statistical 
errors are shown. The size of the systematic errors is indicated by the shaded area. 
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Figure 9: g r { as a function of x at Q 2 = 5 GeV 2 . The full circles are the data from SLAC E142 
experiment. The dashed and solid curves show the extrapolations to low x using the E142 data 



and using the combined data, respectively 23]. 



and SLAC [36, 91, 92] data have been used for g\, all reevaluated at Q = 5 GeV under 



the assumption that the asymmetries A^ ,p are independent of Q 2 . (This latter assumption is 
theoretically questionable, at least in the small- a; and larger-Q 2 region where no data exist so 
far, as will be discussed in Section 6). Also shown in Fig. || are the SLAC (E142) data [57], 
to be discussed next, which agree with the SMC results in the x region of overlap. The SMC 
results of Fig. |] imply Q 

5 GeV 2 ) = -0.08 ± 0.04 ± 0.04 



(SMC) 



(3.7) 



which still deviates from the Ellis-Jaffe expectation —0.002 ± 0.005. 

More recently, SMC has also measured g^(x,Q 2 ) |l5], 21] shown in Figs. 10 and [ll], which 
results in 

TKQ 2 = 10 GeV 2 ) = 0.136 ±0.013 ±0.011. (SMC) (3.8) 
This result increases to Jl5|, ^] 

T{(Q 2 = 5 GeV 2 ) = 0.141 ± 0.011 (SMC, EMC, SLAC) (3.9) 



if the 'old' EMC and SLAC measurements are included which led to ( p.3[) . Equation (|3.9|) 
represents, for the time being, probably the best estimate of the full first moment (0 < x < 1) of 
g\(x, Q 2 ) at Q 2 = 5 to 10 GeV 2 . All the above results are still significantly below the Gourdin- 
Ellis-Jaffe |fj 



225] expectation (assuming a vanishing total polarization of strange sea quarks) 



of about 0.18 ± 0.01 which will be discussed in more detail in Sections 5 and 6.1. 
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Figure 10: SMC/EMC results for g\ at the average Q 2 for each x bin [15, pq ]. Only statistical 
errors are shown. The size of the systematic errors is indicated by the shaded area. 



SMC has also presented semi-inclusive ^ measurements [24] which give direct access to the 
polarized valence densities 5u v (x,Q 2 ) and 5d v (x,Q 2 ). More details will be discussed in Sect. 
6.5. 

Due to the use of (longitudinally) polarized high current electron beams, measurements of 
g^' n (x, Q 2 ) with much higher statistics are obtained from the latest round of SLAC experiments 
(although at significantly lower values of Q 2 due to the lower beam energy) to which we turn 
now. 



3.3 The New Generation of SLAC Experiments 



The SLAC E142 experiment []57| used a different electron source than the old SLAC experiments 
|j36| , |9l| , [92]| relying on developments on solid state GaAs cathodes. They were able to produce 
high current electron beam pulses with energies 19.4, 22.7 and 25.5 GeV and through that a 
rather high statistics experiment. Altogether, 300 million events could be collected. In addition, 
reversal of beam spin direction could be implemented randomly. 

The target was polarized ^He. From the measurements on 3 .He the neutron structure func- 
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Figure 11: The solid circles show the SMC results for g± as a function of x, at Qq = 10 GeV 2 . 
The open boxes show the integral from x to 1 (left hand axis). Only statistical errors are shown. 
The solid square shows the result for the first moment (integral from to 1), with statistical 
and systematic errors combined in quadrature |l5|| . 
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Figure 12: Result for at Q 2 = 5 GeV 2 from SLAC (E142) §7|]. The most recent SLAC (E154) 
results are also shown for comparison P]. 



tion can be directly inferred because the polarization effects from the two protons inside the 
Helium compensate each other, due to the Pauli principle. This is true to the extent that the 
Helium nucleus is in its S-state. The probability for this is about 90 %. The remaining 10 % 
probability with which the two proton spins are parallel can be corrected for. 

There is another nuclear uncertainty at low Q 2 (< Q 2 >~ 2 GeV 2 ), namely the possible 
exchange of mesons (p's and 7r's) which is a bit more dangerous for s He than for the deuteron 
because 3 He has a larger binding energy per nucleon than d. Furthermore, its magnetic moment 
is a worse approximation to the free neutron than \x& is to fj, p + fj, n . 

The 3 He target is polarized by optical pumping. Circularly polarized near infrared laser 
light illuminates the target cell with 3 He and rubidium vapor. The outer shell electrons in the 
rubidium become polarized and transfer their polarization to the 3 He nucleus via spin exchange 
collisions. Once achieved, the polarization of the 3 He is rather stable. The entire target chamber 
was placed in a constant magnetic field which holds the 3 He spins in a fixed orientation. Target 
spin reversal was achieved several times per day and used to reduce the systematic error. 



The results for are shown in Fig. 12 and can be compared with the more recent SLAC 
E143 experiment || in Fig. [l3|. These experiments span the Q 2 -range 1 < Q 2 < 10 GeV 2 , 
corresponding to 0.029 < x < 0.8 at their respective energies, where the E143 polarized electron 
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beam energies refer to 9.7, 16.2 and 29.1 GeV. The E143 data for g™ in Fig. ^ imply || 

r"(< Q 2 >= 2 GeV 2 ) = -0.037 ± 0.008 ± 0.011 (E143) (3.10) 
compared with -0.022 ± 0.007 ± 0.009 from the E142 data |57| . These results are consistent 



with the less accurate SMC measurement in (3.7). The E143 experiment M, || uses a deuterated 



ammonia (ND3) target, polarized by dynamic nuclear polarization in a 4.8 T magnetic field, in 
order to check the SMC experiment at lower Q 2 . The comparison of their measured asymmetries 
Af(x,Q 2 ) in Fig. [?] demonstrates that these two experiments are consistent whith each other 
although it should be kept in mind that the Q 2 -value of SMC is about twice as large, for each 
specific x-bin, as of E143; the average Q 2 of the latter experiment varies from 1.3 GeV 2 (at low 
x) to 9 GeV 2 (at high x). A comparison of the integral of gi(x', Q 2 )dx' , for each x-bin 

as lower integration limit is shown in Fig. IT3 which eventually (as x — > 0) leads to the full 'first 



moment' of as stated in Eqs. ( |3.7j ) and fl3.10| ). The results shown in Fig. 14 are particularly 
interesting because they clearly demonstrate that the difference between SLAC and SMC/EMC 
comes mainly from the small- x region, x < 0.03, where SLAC has no data points and thus has 
to fully rely on assumptions about the behavior of g\ as x — > 0. 

Furthermore the E143 experiment used also an ammonia target Q in order to check, at lower 
Q 2 , the SMC/EMC proton- measurements for g\. Their results are again compatible with the 
ones of SMC in the x-region of overlap and give 

r i(<3 2 = 3 GeV 2 ) = 0.127 ± 0.004 ± 0.010 (£143) (3.11) 



to be compared with Eqs. (p7^)-( ]375| ) and (fTq). Since the latter SMC result/estimate ( |3.8| ) holds 
at Q 2 = 10 GeV 2 , it is more appropriate to calculate the integral at Q 2 = 3 GeV 2 , assuming 
g[/Ff ~ A\ to be independent of Q 2 , which gives 0.122 ± 0.011 ± 0.011, instead of Eq. (|1|), 
and compares better with the E143 result ( 3.1l|) . These various consistent measurements imply 



that by now, after 20 years of having performed polarized deep inelastic experiments, we have 
available a rather reliable and sufficiently precise result for L 1 g\(x,Q 2 )dx which is confidently 
more than two standard deviations below the Ellis-Jaffe-Gourdin sum rule expectation [no po- 
larized strange sea |0|, f22§] of T\{Q 2 = 3 GeV 2 ) E .j = 0.160 ± 0.006 |]. We shall come back 



to this point in Section 5. 

The integrated quantities T^' n (Q 2 ) which resulted from all polarization experiments discussed 
and performed thus far [^18|| are finally summarized in Table 2. 

There are several new experiments at SLAC [see e.g. ||332|| 1, the experiments E154 and 
E155 with a 3 He target f33|] and an ammonia target |]62| , respectively, which run at 50 GeV 



beam energy and which are the follow-up experiments to E142 and E143. Clearly, with SLAC 
statistics, these measurements will provide us with a powerful test of the larger Q 2 and small 
x (> 0.01) dependence of the spin structure functions g\ ,n , as can be seen from the comparison 



with the first results of E154 with E142 in Fig. 12 
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Figure 13: xgi for (a) the deuteron at Q 2 =3 GeV 2 and (b) the neutron at Q 2 =2 GeV 2 as 
measured by E142 and E143 §§. Systematic errors are indicated by the shaded bands. 



Experiment 



T 1 {Q 2 /GeV 



Reference 



EMC,SLAC 

SMC 

E143 

SMC 

SMC 

SMC 

E142 

E143 

E154 



rf(10.7) 

r?(io) = 

r?(3) = 
r?(io) = 

r?(5) = 

r?(5) = 
r?(2) = 

r?(2) = 
17(5) = 



= 0.126 ±0.010 ±0.015 
= 0.136 ±0.013 ±0.011 
0.127 ±0.004 ±0.010 
= -0.063 ±0.024 ±0.013 
-0.08 ±0.04 ±0.04 
-0.048 ±0.022 
-0.022 ± 0.007 ± 0.009 
-0.037 ±0.008 ±0.011 
-0.041 ± 0.004 ± 0.006 




Table 2: Experimental results for the g\ -integrated quantity Ti(Q 2 ) in Eq. (|3] 
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Figure 14: Comparison between SLAC and CERN of the integral of g\ at the average Q 2 of the 
respective experiments. 
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3.4 Future Polarization Experiments 



The HERMES experiment [185, 78 1, being a fixed target experiment, takes place in the HERA 
tunnel with a longitudinally polarized electron beam of about 30 GeV incident on a polarized 
H,D or 3 He gas jet target. Although this experiment is performed at a similarly low energy 
as present SLAC measurements, the novel technique of polarized gas-jet target technology is 
expected to allow for high precision measurements since the target atoms are present as pure 
atomic species and hence almost no dilution of the asymmetry occurs in the scattering from 
unpolarized target material. The main advantages: HERMES will use a pure proton gas target 
in a thin wall storage cell, so that the dilution factor will be close to one and there is almost no 
background from windows effects. The thin targets will still provide very good statistics because 
the beam current is enormous. Even a measurement of the structure function §2 is conceivable. 
Finally, the spectrometer allows for multiparticle identification and thereby measurements of 
semiinclusive cross sections from which additional information on valence, sea and strange quark 
polarization can be obtained. In addition, polarized internal gas targets allow for a rapid reversal 



of the target spin [185] which will be crucial for understanding and minimizing systematic errors. 
This rapid spin reversal will be also crucial for measuring directly neutron asymmetries by using 
a 3 He gas target where spins of the two protons are practically in opposite directions and thus 
the 3 He target acts as an effective neutron target. Actual data taking has started in 1995/96 and 
the accessible kinematic region (0.02 < x < 0.8, 1 < Q 2 < 10 GeV 2 ) will be similar to the one 
of present SLAC experiments. It is intended to measure g\' n ' , g^'™, etc., and in particular semi- 
inclusive asymmetries A^ n from ep(n) — * eirX which allows to extract separately the polarised 
valence quark densities 5d v (x,Q 2 ) and Su v (x, Q 2 ). More details will be discussed in Section 6. 

Very recently, the SMC group has submitted a proposal for measuring semi-inclusive (D— 
mesons, etc.) reactions in deep inelastic j2p(d) scattering at 100-200 GeV /I-beam energies 



[443, |9q| . This will be a dedicated experiment for measuring, among other things, the polarized 
gluon distribution 5g(x,Q 2 ) which plays a predominant role in understanding the nucleon spin 
structure and which so far is experimentally entirely unknown. It will be deduced from the pro- 
duction of heavy quarks (like charm) via the fusion process j*g — ► cc responsible for open charm 
production which is one of the most promising and cleanest processes for extracting 5g(x,Q 2 ) 
since it occurs already in the leading order (LO) of QCD with no light quark contributions 
present (see Section 6.2). It is expected to achieve a sensitivity for ^ of about 15% and the 
data taking could start in 1998. Note however, that this cross section is not sensitive to the 
'anomalous' (=first moment) part of the polarized gluon density, because the first moment con- 
tribution of polarized gluons to heavy quark production vanishes. These issues will be discussed 
in detail in sections 5 and 6. 

So far we have concentrated on deep inelastic IN reactions. Purely hadronic reactions are 
presently being studied at the Fermilab Spin Physics Facility which consists of a 200 GeV 
longitudinally polarized proton or antiproton beam incident on a fixed polarized proton target 
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|T^ , |528] ]. Apart from the non-uniquely polarized pentanol target, the beam energy is rather 
low for a purely hadronic reaction (y / s=19.4 GeV). Nevertheless, first measurements resulted 
in a small, almost vanishing longitudinal spin asymmetry A^ L for inclusive 7r°-production at 
small (between 1 and 4 GeV). This measurement is naively more consistent with a small 
polarized gluon component in the proton than with a large one, but has a very large error. An 
updated result is being prepared by E-704 as well as results on the totally inclusive polarized 
cross section and polarized hyperon, direct photon and J/tp production |l8|, [l9|]. All of these 
have limited statistics and thus will be of very limited use for perturbative QCD interpretations. 
Using the 200 GeV proton beam, E-704 have also measured transverse single spin asymmetries 
in inclusive pion production, p^ + p — > 7r 0=t + X and found appreciable asymmetries [jUR . More 
details will be discussed in Sect. 6.8. 

On the other hand there is the upcoming very promising experimental spin program of the 
Relativistiv Heavy Ion Collider (RHIC) Spin Collaboration (RSC) [132, |529| ] at the Brookhaven 
National Laboratory, to which many of the E-704 physicists have switched. At RHIC both 
proton beams, with an average energy of 250 GeV each, will be polarized, using the 'Siberian 
snake' concept [193, 194, 389, 468], to an expected polarization of about 70 %. Due to the high 
luminosity of the order of ~ 10 32 cm~ 2 s~ 2 (corresponding to an integrated luminosity of about 
800 pb~ l ) the polarized RHIC pp collisions will play a decisive role for measuring the polarized 
gluon density. This can be achieved either via heavy quark production (gg — > QQ, etc.) or via 
direct photon production (gq — > 75, etc.). The latter process is particularly promising, and a 
sensitivity of about 5 % is expected for ^ . The theory of these processes will be discussed 
in Section 6. Of course, polarization asymmetries for semi-inclusive pion production and jet 
production will be also measured, in particular for and Z production which give access to to 
the various polarized quark densities Su,Su,5d and Sd separately (cf. Section 6). Furthermore, 
transversity distributions (see Sect. 8.2) will also be accessible. Some other theoretical aspects 
of RHIC are discussed in jll9j ] . 



The build-up of the RSC experiment is depicted in Fig. 15. The protons are taken from a 



polarized H~ source and are succesively accelerated by a LIN AC, a Booster and the Alternating 
Gradient Synchrotron (AGS) to an energy of 24.6 GeV. In the AGS a 'partial snake' is built in 
to maintain the polarization. A successful partial snake test has been carried out in 1994 by 
the E880 collaboration Jl06| , |330| , |299| ]. Within the RHIC tunnel two full Siberian snakes will be 
installed , more precisely four split Siberian snakes, two per ring, 180° apart. This is expected 
to be complete in 1999, at which time the PHENIX [ 304 1 and STAR [315] detectors should also 
be completed. First data taking is scheduled for January 2000. 

For the nonexperts we include here a qualitative description of how a 'Siberian snake' works. 



Siberian snakes |193j , 194] are localized spin rotators distributed around the ring to overcome 
the effects of depolarizing resonances. For spin manipulations on protons at high energy, one 
should use transverse magnetic fields, because the impact of longitudinal fields disappears at 
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high energy. In a transverse B-field the spin of the high energy protons rotates Kpj times faster 
than motion (7 = ^ and K p = 1.79 is the anomalous magnetic moment of the proton). During 
acceleration, a depolarizing resonance is crossed if this product is equal to an integer or equals 
the frequency with which spin-perturbing magnetic fields are encountered. A Siberian snake 
turns the spin locally by an angle 5 (5 = 180° for a full snake, 5^0 for a partial snake) so 
that the would-be resonance condition is violated. For the two full Siberian snakes in the RHIC 
collider the number of 360° spin rotations per turn is ^, i.e. the resonance condition can never 



be met. The evolution of the spin and orbit motion in the snake area are shown in Fig. 16 



Coming back to the future of polarized experiments, we note that the possibility of polarized 
protons is also being considered at HERA. The concept for HERA is in principle very similar to 
RHIC, the role of the AGS being taken by DESYIII and PETRA which successively accelerate 
the protons to 40 GeV [ |1Q9| ] . Recently, a "Workshop on Future Physics at HERA" has taken place 
in Hamburg, where the option of polarized high energy protons at HERA has been discussed. 
We refer to the proceedings of this workshop for extensive discussions of this topic [ p34| . Within 
the framework of this workshop, another experiment ('HERA-A r ') utilising an internal polarized 
fixed nucleon target in the 820 GeV HERA proton beam has also been examined, see also |387| 
and references therein. Conceivably, this would be the only place where to study high energy 
nucleon-nucleon spin physics besides the dedicated RHIC spin program. An internal polarized 
nucleon target offering unique features such as polarization above 80% and no or small dilution, 
can be safely operated in a proton ring at high densities up to 10 14 atoms/cm 2 |498] 1. As long as 
the polarized target is used in conjunction with an unpolarized proton beam, the physics scope 
of HERA-iV would be focussed to 'Phase I', i.e. measurements of single spin asymmetries (to be 
discussed in Sect. 6.8). Once later polarized protons should become available, the same set-up 
would be readily available to measure a variety of double spin asymmetries. These 'Phase II' 
measurements would constitute an alternative fixed target approach to similar physics which 
will be accessible to the collider experiments STAR and PHENIX at the low end of the RHIC 
energy scale (y^ ~ 50 GeV). 

Furthermore, there are several polarized low energy (E^ eam < 5 GeV) facilities, such as 
AmPS-NIKHEF, MIT-Bates, CEBAF-Newport News, ELSA-Bonn and MAMI-Mainz, some of 
which are already operating and will provide us with low-energy precision measurements of eN 
reactions. The interested reader is referred to the respective review articles in [238]. 



4 The Structure Function g\ and Polarized Parton Distributions 

4.1 The Quark Parton Model to Leading Order of QCD 

The parton model is a very useful tool for the understanding of hadronic high energy reactions. 
This is due to its simplicity and comprehensiveness as well as to its universality, i.e. applicability 
to any hadronic process. In the form of the QCD improved parton model it has had tremendous 
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successes in the understanding of unpolarized scattering. One is therefore tempted to apply it 
to processes with polarized particles as well. 

In the following we will assume that the nucleon is longitudinally polarized. The notion of 
transversality is difficult to adopt in the parton model, only at the price of loosing many of its 
virtues. The main aim of this section is to represent the polarized structure functions in terms 
of "polarized" parton densities, in a similar fashion as the spin averaged structure functions 
can be represented in terms of spin averaged parton densities. For definiteness, let us consider 
the process fip — ► \xX at scales Q 2 <C m 2 ^ z (only photon exchange needed), with a proton 
of positive longitudinal polarization (= right handed helicity). Within this reference proton 
there are (massless) partons with positive and negative helicity which carry a fraction x of the 
proton momentum and to whom one can associate quark densities q+(x, Q 2 ) and q-(x,Q 2 ). The 
difference 

Sq{x,Q 2 ) = q+(x,Q 2 )-q^(x,Q 2 ) (4.1) 

measures how much the parton of flavor q "remembers" of its parent proton polarization. Sim- 
ilarly,one may define 

Sq(x, Q 2 ) = q+{x, Q 2 ) - q.(x, Q 2 ) (4.2) 
for antiquarks. Note that the ordinary, spin averaged parton densities are given by 

q(x,q 2 ) = q + (x,Q 2 ) + q„(x,Q 2 ) (4.3) 

and 

q(x,Q 2 ) =q + (x,Q 2 ) + q^(x,Q 2 ). (4.4) 

In the quark parton model, to leading order (LO) in QCD, g\ can be written as a linear combi- 
nation of Sq and 5q [Ml M 



q 

where e q are the electric charges of the (light) quark-flavors q = u,d,s. Notice that in the 
case of spin averaged structure functions F\2 the negative helicity densities q~,q~ enter with 
an opposite sign, e.g. Fi(x,Q 2 ) = \ ^2 q e 2 {q + q). This has to do with the opposite charge 
conjugation property of 7 M and 7^75. In the case of the polarized uN structure functions 53 etc. 
the situation is reversed. There the 5q(x, Q 2 ) enter with a negative sign, 53 ~ 8q — 6q, cf. Section 
6; and for the unpolarized vN structure function F3 one has F3 ~ q — q. 



Furthermore, Eq. (4.5) can be decomposed into a flavor nonsinglet (NS) and singlet (S) 
component 

9i(x, Q 2 ) = 9i,ns{x, Q 2 ) + gi,s(x, Q 2 ) (4.6) 
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where 

9i,NS = ^^2(e 2 q - < e 2 >)(5q + 5q) (4.7) 
q 

with < e 2 >= j J2 q e q ( e -g- for / = 3 light u, d, s flavors < e 2 >= |) and 

9l,S = \ < e 2 > ^(6q + 5q) = ±<e 2 > 6E. (4.8) 
q 

In the last equation we have defined the singlet combination (sum of) quarks and antiquarks by 

SE(x, Q 2 ) = £[<Sg(x, Q 2 ) + 6q(x, Q 2 )] (4.9) 

where the sum usually runs over the light quark-flavors q = u,d,s, since the heavy quark 
contributions (c, b, . . .) have preferrably to be calculated perturbatively from the intrinsic light 
quark (u, d, s) and gluon (g) partonic-constituents of the nucleon which will be discussed in Sect. 
6.2. 

The QCD scale- violating Q 2 -dependence of the above structure functions and parton distri- 
butions is inherently introduced dynamically due to gluon radiation {q — > qg) and gluon-initiated 



(g — > qq) subprocesses depicted, to LO, in Fig. |l7j. To the leading logarithmic order (LO) 



these Q 2 -corrections have been calculated in ||, ||, H g7j|. The next-to-leading order NLO 
(two-loop) results (Wilson coefficients and in particular splitting functions) have recently been 



calculated [436, |513|| and will be discussed in detail in Sec. 4.2. One of the main ingredients from 
QCD (or, more generally, from any strongly interacting quantum field theory) is the appearance 
of gluon distributions in the nucleon in the form 5g(x, Q 2 ) which is the longitudinally polarized 
gluon density, probed at a scale Q 2 , and is defined as follows. Assume that in our reference pro- 
ton of positive helicity the gluons have momenta of the form p g = E(l, 0, 0, 1) [in the Breit-frame 
P = (VP 2 + M 2 ,0,0,P), q = (0,0,0,-Q) in which E = xP]. The two possible polarization 
vectors of the gluon are Eg = -^(0, l,±i, 0) which correspond to positive and negative circular 

polarization. To each state of polarization one can attribute a gluon density, g+(x,Q 2 ) and 
g-(x,Q 2 ). The ordinary, spin averaged gluon density is given by g(x,Q 2 ) = g + + g~, whereas 
5g is defined as 

Sg(x,Q 2 ) = g + (x,Q 2 )-g„(x,Q 2 ). (4.10) 

Since the individual parton distributions with definite helicity f±(x, Q 2 ), f = q,q, g, in Eqs. ([O])- 
( [4.4D and (4.10) are by definition positive definite, their difference 5f have to satisfy the general 



positivity constraints 

\Sf(x,Q 2 )\<f(x,Q 2 ). (4.11) 
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Figure 17: The parton subprocesses *y*q — > gq and 7*5 — > 



In LO the gluon distribution does no£ directly contribute to the structure function g\ (x, Q 2 ) 
in ( |4.5| ), but only indirectly via the Q 2 -evolution equations. Furthermore it is a pure flavor- 
singlet, as is <5£(x, Q 2 ) in ( [4.9D , because each massless quark flavor u, d, s is produced by gluons 
at the same rate. 

The LO Q 2 -evolution (or renormalization group) equations are as follows. Only flavor- 
nonsinglet (valence) combination Sq^s [= $ u — Su, 5d — 5d, (5u + 5u) — (5d + 5d), (5u + 5u) + 
(5d + 5d) — 2(5s + 5s), etc.], i.e. where sea- and gluon-contributions cancel, evolve in the same 
way in LO: 

where t = ln^-, with Qq being the appropriately chosen reference scale at which Sq^s 1S 
determined (mainly from experiment), and 



: Sq N s(x, Q 2 ) = -Z£U-SPW 5q NS (4.12) 



^^—^r (4-13) 

with flo = 11 — |/ and / is the number of active ('light') flavors. The convolution ((g)) is given 
by 

1 

(P ® q)(x, Q 2 ) = [ ^-P(-)q(y, Q 2 ) (4.14) 

J y y 
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q+ — > — — q+ 
±1 

Figure 18: The leading order splitting process q ^ qg 



which goes over into a simple ordinary product if one considers Mellin n-moments to be discussed 
later. The LO NS splitting function, 



(4.15) 



where P q±q+ corresponds to transitions from a quark q + with positive helicity to a quark q± 
with positive/negative helicity, is given by [^] 



^ 0) ( 



Pqq i x ) 



C F 



1 + x 2 
1 — X 



(4.16) 



with Cf = 4/3. The fact that 5P$ turns out to be equal to the unpolarized splitting function 

p(0) 
r qq ; 



i.e. 



Pf g+ (x)=0 (4.17) 

in ( 4.15| ), is a consequence of helicity conservation, i.e. the fact that no transition between 
quarks of opposite helicity are allowed in massless perturbative QCD - at least to leading order. 



In suitable (chirality respecting) regularization schemes this statement, i.e. Eq. (4.17), can be 
generalized to higher orders as we shall see later. The LO diagram is shown in Fig. [l8|: The 
conservation of the quark helicity is a consequence of the vector-like coupling between quarks and 
gluons. Furthermore, since the gluon has spin +1 or —1, a finite angular momentum between 
the quark and gluon is always produced in such a process. Finally, the convolution ( (4.14|) with 
the ( ) + distribution |46j in ( 4.16| ) can be easily calculated using 



*/(^ M = / */(£) 

y y J y y 



g{y) — g(x) 
y 



X 

g(x) j dyf(y). 



(4.18) 



In contrast to ( f4.12| ), the LO Q 2 -evolution equations in the flavor-singlet section are coupled 
integro-differential equations, 



d_ /<5S(x,Q 2 ) 
It \5g(x,Q 2 ) 



2tt 



2f5P$\ (ST, 
SP®> SP$)®{6 9 



a s (Q 2 ){SPW 2f5P 



99 



(4.19) 
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with 5Pqq\x) given by Eq. (|4,16|) . The remaining longitudinally polarized splitting functions 
are defined, in analogy to ( 4.15| ), 



p(0) 



p(0) 



(4.20) 



with A,B = q, g, which fulfil Pa±b+ = ^A^B ^ ue ^° P ar hy invariance of the strong interactions 

(QCD). The spin averaged splitting functions are given by the sum P A °^(x) = P^ B + PaIb • 
Note that <5E refers to the sum of all quark flavors and antiflavors and therefore the factor 2/ in 
front of SPqf in ( gig ). Besides SPffl in (pi) ), the remaining polarized LO splitting function 
in ( |4.19D are given by [46 



^ 0) ( 



Tr[x 2 

c F l - 



(1 



Tr(2x - 1) 



C7^{(l + x 4 )(- + 



C F (2 - a?) 
1 )- 

a- V 



(1 



+ ( 



11 _/ 

6 9 



)5(l-x)} (4.21) 



with Tr = 1 and = iV c = 3. The advantage of introducing the singlet-set of differences 
of parton distributions (<5E, Sg) in ( [4.19 ), instead of using the individual positive and negative 
helicity densities q± and g± in (]4.1[) and Q4.10D , is that they evolve independently in Q 2 of the 
set of the conventional unpolarized densities (E, g) where E = ^ r (g + q). This is in contrast to 



the individual densities q± and g± of definite helicity. The evolution equations (|4. 12 ) and ( 4.19 ) 
can be solved numerically by iteration directly in Bjorken-x space. In many cases it is, however, 
more convenient and physically more transparent to work in Mellin n-moment space where the 
LO as well as the NLO evolution equations can be solved analytically to a given (consistent) 
perturbative order in a s . This is due to the fact that for moments, defined by 

f n (Q 2 )^ f x n - l f(x,Q 2 )dx, (4.22) 
J o 

the convolution ( 4.14] ) appearing in ( 4.12j ) and ( [4.19 ) factorizes into simple ordinary products: 

/ . ,1—1 „ / , ay , ,x s 

Jo 



Jo 



-f(y)9(-)= l dxx n ~ X f 1 dydz5(x-zy)f(y)g(z)=f n g n . 

ix y y Jo Jo 

(4.23) 

In moment space the LO nonsinglet and singlet evolution equations (4.12) and ( [4.19 ) are thus 
simply given by 

Wns(Q 2 ) = ^^^T^NsiQ 2 ) (4-24) 



dt 



2tt 
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d/<ffi™(Q 2 ) 
dt\5g n (Q 2 ) 



a s (Q 2 ) (SP, 



2tt 



(0)n 



6P< 



(0)n 



99 



5P, 



(0)n 



5£ n (Q 2 ) 
5^(Q 2 ) 



where the SP^ n are simply the ra-th moment of Eqs. ( f4.16| ) and ( |4.21 ) 



(4.25) 
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(4.26) 



Here Si(n) = £ i = i>{n + 1) + 7£ , ^(n) = ^ and 7E = 0.577216. 



The evolution equations ( [4.24 ) and ( |4.25| ) in n-moment space are usually referred to as LO 
renormalization group (RG) equations which were originally derived 164 , 13£ , 384 , 306, 307 , 
266, |189| , |241| , 259] from the operator product (light-cone) expansion for unpolarized structure 



The moments 5P 4 



(0)n 



■i j 



functions [for reviews see, for example, [38 



are called (or, 

more precisely, related Q to the) 'anomalous dimensions' because they determine the logarithmic 
Q 2 -dependence of the moments of parton distributions and thus of gi as we shall see below. 
The solution of the simple NS equation ( 4.24| ) is straightforward: 



5q n N S (Q 2 



— — AP 



(0)n 



Sq n Ns(Qt) 



(4.27) 



with L(Q 2 ) = a s {Q 2 ) / a s {Q'o), (3q being defined after ( 4.13| ) and 5q 1 } 4S {Q 2 ) ) is the appropriate 
NS-combination of polarized parton densities fixed (mainly) from experiment at a chosen input 
scale Qq. The solution of the coupled singlet evolution equations ( |4.25| ) is formally similar to 

/ A V" ( / ")-' I \ - ........ /.\V'//"V-A 

(4.28) 



6Z n (Q 2 ] 
5g n {Q 2 ) 



L Po 



5^(Q 2 ) 

8g n (Q 2 ) 



where SP^ n denotes the 2x2 singlet matrix of splitting functions in Eq. ( 4.25| ). The treatment 
of this exponentiated matrix follows the standard diagonalization technique , see e.g. [306, 307]. 



x the anomalous dimensions 8-f n , being usually denned as an expansion in j^, Sj n = S'y^ n + (j^) 2 dy 



(l)n 



+ ■ 



in terms of the LO (1-loop) d-y (0)n and NLO (2-loop) Sj m " expressions, are related to the SP n via &P>- 



(0)n 



(0)r, 



5P 



(i)> 



•1*7, 



4" m ' ij — 8" nj > etc - wnere tne 2-loop splitting functions 5 P' i} 
evolutions to be discussed in Section 4.2. 



(i) 



will become important for the NLO 
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where one projects onto the larger and smaller eigenvalues AJ of 6P^ n with the help of the 
2x2 projection matrices P± given by 



§ p(0)n 



A™1 



(4.29) 



with 



[5P^ n + SP^ n ± 



.'/.</ 



(5P£ )n 



+ 8f5P$ n 5P$ n 



The projection matrices P± have the usual properties P± 



P±, P+P- 



P-P+ 



(4.30) 



and 



P+ + P- = 1. Since dP^ 
calculated using 



A™P+ + A™P_, the matrix expression in (4.28) can be explicitly 
/(«5p(°)») = /(A")P + + /(A»)P_, (4.31) 



i.e. 
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Thus the solution of ( 4.28] ) is explicitly given by 
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5g n (Q 2 ) -- 
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(4.32) 



(4.33) 
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(4.34) 
(4.35) 

(4.36) 



Once the parton distributions are fixed at a specific input scale Q 2 = Qq, mainly by experiment 
and/or theoretical model constraints, their evolution to any Q 2 > Qq is uniquely predicted by 
the QCD-dynamics due to the uniquely calculable 'anomalous dimensions' 5P^ n in LO of a s . 
Of course a LO calculation by itself is in general not sufficient since neither the A-parameter 
in a s (Q 2 ) can be unambiguously defined nor can one prove the perturbative reliability of the 
results which requires at least a NLO analysis, to which we will turn in the next subsections. 

To obtain the x-dependence of structure functions and parton distributions, usually required 
for practical purposes, from the above n-dependent exact analytical solutions in Mellin-moment 
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space, one has to perform a numerical integral in order to invert the Mellin-transformation in 
( |4,22|) according to 



f(x,Q 2 



dzlm 



f 



n=c+ze l 



\Q 2 ) 



(4.37) 



where the contour of integration, and thus the value of c, has to lie to the right of all singularities 
of f n {Q 2 ) in the complex n-plane, i.e., c > since according to Eq. ( [4.26| ) the dominant pole of 
all 5PPj is located at n = 0. For all practical purposes one may choose c ~ 1, ip = 135° and an 
upper limit of integration, for any Q 2 , of about 5 + 10/lnx -1 , instead of oo, which suffices to 
guarantee accurate and stable numerical results [284, [2861 . Note that it is advantageous to use 
ip > t; in ( 4.37| ) because then the factor x~ zexp ( i<fl ) dampens the integrand for increasing values 



of z which allows for a reduced upper limit in the numerical integration; this is in contrast to the 
standard mathematical choice ip = \ which corresponds to a contour parallel to the imaginary 



axis. 



4.2 Higher Order Corrections to g\ 

The LO results discussed so far originated from calculating the logarithmic 0(a s ) contributions 
of the parton subprocesses 7*3 
7 *g^gof 5l MM: 



gq and 7*5 — > qq (Fig. 17) to the zeroth order 'bare' term 



9i(x,Q 2 )= 1 -^ g {5q (x) + ^l [ % o(y) tipMQ+sfrQ 



2ir J y ~™ wy L"~" qq V ' " 9 V 



.1 1^) f *L Sm(y) i tsm * )+Sfg{ * ) 



2vr ./ y 1'" 19 ^ y > ' " J ^y 



(4.38) 



where 5qo,5go denote the unphysical and unrenormalized (i.e. scale independent) bare parton 
distributions and the function 5f q and 5f g are sometimes called 'constant terms' or 'coefficient 
functions' because they are related to the In Q 2 -independent terms and to the Wilson coefficients 
usually introduced within the framework of the operator product expansion. In the leading 
logarithmic order (LO) one assumes the dominance of the universal t = In 7L terms which are 
independent of the regularization scheme adopted, in contrast to 6f q , g - 

Eq. ( 4.38| ) as it stands is physically meaningless since Qq is an entirely arbitrary scale which, 
among other things, serves as an effective cutoff for the emitted parton-fc^ (or angular) phase 
space integration in order to avoid collinear (mass) singularities when the emitted partons in Fig. 
|j~7| are along the intitial quark/gluon direction (kx = or = 0). Therefore only the variation 
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with Q 2 can be uniquely predicted for the physical and renormalized (i.e. scale dependent) 
'dressed' quark distribution, 



5q(x, Q 2 ) = 8q (x) + ^^t(5q ® 6P$ + 5g ® 6P$) 



(4.39) 



and similarly for a suitably defined 'dressed' polarized gluon density 5g(x,Q 2 ). These redefini- 
tions result in the RG evolution equations ( 4.12 ) and (|4.19j ) [|46f| . 

In NLO, i.e. if one goes beyond the leading logarithmic order, the 'finite' terms bf q , g in Q4.38 ) 

have to be included, as well as the contributions of the 2-loop splitting functions SPjp (x). These 
additional quantities have the unpleasant feature that they depend on the regularization scheme 
adopted. For calculational convenience one often chooses dimensional regularization and the 't 
Hooft-Veltman prescription for 75 [ 328| , 125 , 147 ]. In D = 4 — 2e dimensions one obtains for the 
diagrams in Fig. O BM Hg|, BO, [HI [426], [233 1 
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where the dimensional regularization mass parameter /x is usually chosen to equal Q, and 



SC q (z) 



[1+z 2 



2, {Mi-*) 



1 - z 



1 



2(1-2). 



1 + z 2 
1 - z 



lnz + 2+z- 



\^)5(l-z) 



1 



SC g (z) = -[(2z-l)(In 



1-z 



9V -' 2 l 

The ( ) + distribution is, as usual, defined by 
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(4.41) 
(4.42) 

(4.43) 



and Eq. ( 4.18| ) is again useful for calculating the convolutions. 

The unphysical 'bare' quark and gluon densities 5qo and 5g$ in ( 4.40 ) have to be redefined 
in order to get rid of the singularities present (for e = 0). The renormalized 'dressed' quark 
distribution is defined by 



5q(x, Q 2 ) = 5q (x) + ^|^0 n ^ - \ +1E ~ \n^){5q ® 6P$ + 5g 6P$) (4.44) 



43 



and there is a similar equation for the redefined gluon density. Eq. ( 4.44j ) refers to the 'modified 
minimal subtraction' (MS) factorization scheme since also the combination 7^ — ln4-7r, being 
just a mathematical artifact of the phase space in 4 — 2e dimensions, has been absorbed, together 
with into the definition of Sq(x,Q 2 ). Besides dimensional regularization one has of course 
the possibility to use masses of quarks and/or gluons to regulate the divergences. However, 
in those schemes NLO calculations become usually far more cumbersome. Furthermore, one 
obtains results for 5C q and 5C g which differ from the ones in fl4~4l ) and flP2] ). This, however, 
is not a fundamental problem. It can be traced to a difference in the definition of parton densities 
and NLO splitting functions SPjp in the various schemes. We shall come back to this point at 
the end of Section 4.3 and in Section 5. 

It should be mentioned that the straightforward MS result for SC g in ( 4. 42] ), which gives 
rise to a vanishing 'first moment' 



AC g = I dz5C g {z) 



■[-1 + 1] =0, 



(4.45) 



has been a matter of dispute during the past years [47, 216, 142, 253, 217, 48, 346, 9S, pT 



2fj, HI, H|, H, HI, |46l~|465|, ggfTThis vanishing is caused by 
in square brackets of 5C g (z) i n (|4.42|) w hich derives from the soft 



the second term +2(1 — z 
non-perturbative collinear region where kji 

to be reasonable that this term should be absorbed, besides the 5P^ piece in (IQcD , into the 



A 2 ]422|, |511|, |42CH ; therefore it appears 



definition of the light (non-perturbative) quark distribution 5q(x,Q 2 
implies that, instead of SC g (z) in Q4.42| ), we have 



SC 9 (Z) 



-(2z 
2 K 



l)(ln. 



1) 



Ql) in ( ]P4| ). This 



(4.46) 



which has a non- vanishing first moment A(7 9 = — in contrast to ( 4.45| ). It should be mentioned 
that a first moment of — ^ for the Wilson coefficient of the gluon can be obtained without any 
subtractions in the so called off-shell scheme, to be discussed at the end of Section 4.3 and in 
Section 5. This scheme therefore directly reproduces the ABJ anomaly contribution to the first 
moment of g\. For more details see Section 5. However, from a technical point of view the 
off-shell scheme is somewhat impractical, because 2-loop splitting functions are very difficult to 
calculate in this scheme, and only the MS results ( (4.41 ) and ( 4.42] ) comply with the NLO (MS) 



result [436, 512] for the 2-loop splitting functions 5P i 



to be discussed next. 

Within the MS factorization scheme the NLO contributions to gi(x, Q 2 ) are finally given by 



a (O 2 ) 

+ [SC q ® (Sq + 5q) + 25C g ®5g}}. (4.47) 

Z7T 
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Figure 19: Diagrams relevant for 2-loop splitting functions 



The NLO parton densities 5f(x, Q 2 ), f = q,q, g, evolve according to the NLO evolution equations 
where the (scheme dependent) 2-loop splitting functions SP-p^x) enter and to which we now 
turn. 



In NLO the evolution equations ( [4.12 ) and ( |4.19| ) have to be generalized since, in contrast 



to the LO in a s , the 0(a 2 ) 2-loop splitting functions SP^p allow for transitions between quarks 



and antiquarks and among the different quark flavors as illustrated in Fig. 19. The situation is 
completely analogous to the unpolarized, i.e. spin-averaged case 
flavor non-singlet renormalization group equations read 



1891, [2411 p59|. The NLO 



^q NS ±(x,Q 2 ) 



5P NS ± <S> Sq NS ± 



where 



and 



5Pns± 



a s (Q 2 
2vr 



a s (Q 2 
2vr 



5P 



(i) 



NS± 



(x) 



a s (Q 2 ) _ 1 _ Pi In In Q 2 /A 2 
4tt ~/3 lnQ 2 /A 2 ffi (In Q 2 /A 2 ) 2 



(4.48) 



(4.49) 



(4.50) 



with (3 X = 102 - iff (e.g. /3 = 9, ft = 64 for the / = 3 light active flavors). There are 
two different, independent NS evolution equations in NLO because of the additional transitions 
between different, non-diagonal flavors (u — > d, u — > s, etc.) and gg-mixing (u — > u, etc.) which 
start at 2-loop (a 2 ) order as illustrated in Fig. |l9| Thus, opposite to the situation of unpolarized 
(spin-averaged) parton distributions [|189|, 284], 5qjvs+ corresponds to the NS combinations 5u — 



Su = 5u v and 8d — 8d = 5d v , while 5qNS- corresponds to the combinations 5q + Sq appearing in 
the NS expressions (Su + 5u) — (5d + 5d) and (5u + 5u) + (5d + 8d) — 2(5s + 5s). The required 
2-loop splitting functions 5P^s± (x) in fl4.49| ) are the same |378| , |530j as the unpolarized ones 



'More explicitly, P}fs±( x ) i s given, in the notation of [18S] by -P Ars± 



_ p(i) 



= Pi 1 ' ± P. 



(i) 



according to 



Eqs. (4.8), (4.35) and (4.50)-(4.55) of 189], which are summarized in the Appendix 



45 



' ^ns± = ^ns± m ^ e (chirality conserving) MS regularization scheme [18£, 241] - similarly 
to the LO splitting function in Eq. ( [4.16 ), The NLO flavor-sing/e£ Q 2 -evolution equations are 
similar to the LO ones in ( [4.19| ): 



d /<5£(x,Q 2 ) 
dt\5g(x,Q 2 ) 



with 5T> being defined in (|4.9| ), and 



5P 



a s (Q 2 
2vr 



x) + 



5P< 



a s (Q 2 
2vr 



(4.51) 



<5P (1) (x) 



(4.52) 



where the LO 2x2 matrix 5P^ of singlet splitting functions is as in Eq. ( |4.19| ) and the NLO 
2-loop singlet matrix is given by 



SP^i 



SP 



(i) 



n 

5P$ SP gg 



(i) 



(4.53) 



The calculation of all these NLO singlet splitting functions SP^\x), i,j = q,g, has been 



recently completed in the MS factorization scheme [436, |513| and is summarized in the Ap- 
pendix. As in the LO case,the independent NS evolution equations ( [4.48 ) and the coupled 
singlet equations ( |4,51 ) can be solved numerically by iteration directly in Bjorken-x space in 
order to calculate gi(x,Q 2 ) in ( 4.47] ) to NLO. It will, however, be more convenient and physi- 
cally more transparent to work in Mellin n-moment space where the evolution equations can be 
solved analytically. 

In moment space the NLO evolution equation ( 4.48 ) and ( 4.5l| ) are simply given by 



d_ 

dt 



tMns±(Q 2 



d_ 

dt 



5Z n (Q 2 ] 
Sg n (Q 2 ) 



-a s (0)„ 
l2n NS 


+ 


(Ot s 

V2vr 


'^± § p(0)n 

L2vr 


+ 


V2vr 



5P 



(l)n 



NS± 



5Z n (Q 2 ) 
5g n (Q 2 ) 



(4.54) 



(4.55) 



with the moments of the LO splitting functions given in ( 4.26j ) and the moments of the NLO 



(MS) flavor-NS splitting function 8P$j£. are again equal to the unpolarized ones n . The 



3 These are given by Eqs. (3.65)-(3.68) of [436| where <5P< 



SP (1) 

°- f JVS- 



+ sp ps, qq with sp ps, qq bein s s iven b y 



Eq. (3.65) of |436j] . Note, however, that the SP}P have been defined relative to (fj) 2 in [436], cf. footnote]]], and 
that the factor 2f in (U.53 



has been absorbed into the definition of 5P qg in [ 436 1 



4 In the notation of [241], the 'anomalous dimensions' (see footnote^) are given by SP^g± = — Tjvs^ 7 ? = ±l)/8 



with 7^g"(^) given by Eq. (B.18) of [241] which are summarized in the Append 
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moments of the NLO (MS) flavor-singlet splitting functions SP^p n appearing in as 
defined in ( 4.52| ), have also been presented in |)436[| ; however, in a form which is not adequate for 
analytic continuation in n as required for a (numerical) Mellin inversion to Bjorken-x space. The 
appropriate NLO (MS) anomalous dimensions can be found in |27£ 



and are summarized in 

the Appendix. The more complicated matrix equation ( [4.55 ) can be easily solved in a compact 
form by introducing [|259(| an evolution matrix (obvious n-dependencies are suppressed) 



E(Q 5 



2vr 



L Po 



defined as the solution of the equation [cf. ( 4.51 )] 

d 



dt 



E = 5P n E 



(4.56) 



(4.57) 



with L(Q 2 



, the NLO a s being given in ( |4.50| ), and where U accounts for the 2-loop 



contributions as an extension of the LO expression ( 4.28| ). It satisfies [259 1 



[U, 5P^ n ] 



U + R 



(4.58) 



with R = 5P^ n - ^5P^ n , which yields 



U 



P-RP-) + 



P-RP+ 



P+RP- 



A™ - ±Po A* 



2@0 



(4.59) 



where the projectors P± and A J are given in ( [4.29| ) and ( 4.30 ). The singlet solutions are then 
given by 



5Z n (Q 2 ) 
Sg n (Q 2 ) 



2tt 



2 5 p(o)n a s (Ql) 



2_5p(0)n 




5E n (Ql 
&9 n (Ql) 



(4.60) 

where the remaining matrix expressions can be explicitly calculated using Eq. ( [4.31 ). 

For the flavor nonsinglet evolution equations ([4,54] ), which do not involve any matrices, 
Eq. fl4.58|) simply reduces to Uns = —^Rns and Q4.6Cf ) obviously reduces to 



5q n NS±(Q 2 " 



a s (Q< 



)-<*s(Ql) ( 2, 
2vr 1 Po' 



sp (l)n _^Lrp(0)n N 

NS± 2/3 qq > 



-^-5P 
>L qq 



(0)n 



5q n NS± (Q 2 )+0(a 2 ). 

(4.61) 



J In the notation of |36j g7g], 5P>- 



(l)n 



57« )n /8 with 3^> n being given by Eqs. (A.2)-(A.6) of |27' 



„(i)« 



Moreover, 2/<5P q ( 9 1)n = -5y£> n / 



since the factor 2/ has been absorbed into the definition of S"fq]^ r 



in [436, 279 1 . 
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These analytic solutions ( 4.60| ) and ( 4.61| ) in n-moment space can now be inverted to Bjorken— ; 
space by numerically performing the integral in ( [4.37 ). The final predictions for g\(x,Q 2 ) can 
then be calculated according to ( 4.47j ). Alternatively, one can use directly the moment solutions 
( [4.60| ) and ( [4.61 ) and insert them into the n-th moment of ( 4.47 ), 



2tt 



8C™)[5q n {Q 2 )+5(t(Q 2 )] + -±26C^8g n (Q 2 )} 



2vr 



(4.62) 



where [37£] 



8C™ 



-S 2 (n) + (S 1 (n)) 2 +[- 



1 



2 n(n + l) 



11 

Si(n) + — + — + 



1 



n 



2n n + 1 



(4.63) 



is the n-th moment of 5C q (z) in Eq. (|4.41|) with 5i(n) given after (|4.26j ) and S*2(n) = Y^j=i ~k 



^ — tp'(n + 1) where i/j'(n) 



d 2 lnr(n) 



till 



4^-- The n-th moment of 8C g {z) in Eq. (|4.42|) is 



n 



1 



n{n + 1 



■(5i(n) + l) 



+ 



n(n + 1) 



(4.64) 



which gives rise to the vanishing first (n = 1) moment, 5Cg = 0. On the other hand, in the 
factorization scheme of Eq. ( |4.46| ) we have 



8C™ = 8C n a - -— - — r 
9 9 2 n(n + l) 



(4.65) 



i.e. 5Cg = —\. With these expressions at hand one can now obtain g\(x,Q 2 ) from Eq. ( 4.62 ) 



by performing a single numerical integration according to ( [4.37 ). It should be remembered that 
a theoretically consistent NLO analysis can, for the time being, performed only within the MS 



factorization scheme where all 5P^ are known [436, 513 1, using 8C q , g of Eqs. (gjgp and (B) 



This is particularly relevant for the parton distributions which have to satisfy the fundamental 
positivity constraints ( [4.11 ) at any value of x and scale Q 2 , as calculated by the unpolarized 
and polarized evolution equations, within the same factorization scheme. 

From the above solutions (4.60-4.62) it becomes apparent that, as usual, a NLO analysis 



requires 2-loop 0(a 2 ) splitting functions SPjp and 1-loop 0(a s ) Wilson coefficient, i.e. partonic 
cross sections, <5Cj. Furthermore, in any realistic analysis beyond the LO, the coefficient and 
splitting functions are not uniquely defined to the extent that it is a mere matter of a theorist's 



convention of how much of the NLO corrections are attributed to 5d and how much to 5P A 



(i) 



[see, for example, the discussion which led to Eq. ( 4.46 )1 • This is usually referred to as 'renor- 
malization/factorization scheme convention'. What is, however, important is that, to a given 
perturbative order in a s , any physically directly measurable quantity must be independent of 
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the convention chosen ('scheme independence') and that the convention dependent terms ap- 
pear only beyond this order in a s considered which are perturbatively (hopefully) small. The 



requirements of convention independence of our NLO analysis can be easily derived |25£, 273] 



from Eqs. ( 4.6G| - 4~62| ): Choosing a different factorization scheme in the NS sector (<5Cjvs 
according to 



5C 



NS 



5C n NS + A" 



sc a 



(4.66) 



this change has to be compensated, to 0{o? s ), by an appropriate change of 5P i 



,(i) 
2VS' 



SP 



(l)n 



NS 



SP. 



(l)'n 



NS 



or NS + 



A 



NS- 



Similarly in the singlet sector, where we have to deal with 2x2 matrices, 
factorization scheme 

SC n SC' n = SC n + A n 



implies [259 



£p(l)n _> SP (1) ' n = SP {1)n + — A" - \A n ,6P (0)n 



(4.67) 
a change of the 
(4.68) 

(4.69) 



in order to guarantee convention (scheme) independence to order a 2 . The upper row of SC 
corresponds to our fermion (quark) SC qq = SC q and gluon SC, 



J <19 



5C g Wilson coefficients in an 



obvious notation. To keep the treatment as symmetric as possible we introduced in addition 
hypothetical Wilson coefficients SC gq and SC gg in the lower row of SC which do not directly 
contribute to deep inelastic lepton-hadron scattering and indeed drop out from the final results 
relevant for g\. In general, the transformation of splitting functions in ( 4.69| ) and of the gluon 
density is not fixed by the change of the physical first row coefficient functions alone since the 
lower row of A™ remains undetermined. This is partly in contrast to the unpolarized situation 
[E5£ 



273, 284] where the energy-momentum conservation constraint (for n = 2) may be used 



together with the assumption of its analyticity in n. 

From these results it is clear that a consistent, i.e. factorization scheme independent NLO 
analysis of gi(x,Q 2 ) in (4.62) requires the knowledge of all polarized 2-loop splitting functions 



SP[p n [or 5P^ L> (x)], besides the coefficient functions SC qg [or SC qig (x)]. It is clear that, for the 
time being, such an analysis can be performed only in the MS factorization scheme where all 

II 



6Pjp n are known 



a situation very similar to the unpolarized case. 



One could of course choose to work within a different factorization scheme, in particular one 
which leads to ( |4.46j ) and (4.65) or any other specific scheme. In this case, however, one has for 



consistency reasons to calculate all polarized NLO quantities (6Ci, 5P£p n , etc.), and not just 



'.J 



their first (n = 1) moments, in these specific schemes as well as also NLO subprocesses of purely 
hadronic reactions to which the NLO (polarized/unpolarized) parton distributions are applied 
to. So far, complete NLO calculations have only been performed in the MS scheme. 
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4.3 Operator Product Expansion for g\ 

The phenomena discussed so far in the QCD improved parton model can also be understood in 
the framework of the operator product expansion (OPE). In contrast to the QCD parton model, 
which is universally valid, the OPE is designed exclusively to the understanding of deep inelasic 
lepton nucleon scattering. One starts with an expansion of the Fourier transform of the time 
ordered product of two currents, i.e., the virtual Compton amplitude 

T^ = i J d 4 xe^T(J M (x)J,(0)) (4.70) 

near the light-cone x 2 ~ m 0, i.e. in powers of ^p, and is led to a description of the 
moments of structure functions in terms of anomalous dimensions, Wilson coefficients and matrix 
elements. The OPE has been used very successfully to derive results for unpolarized scattering 
p6| , [307| , [2661, HI HI, and results for polarized scattering exist as well ||, |l|, |473], [37|, p6fl. 



The particular feature of polarized DIS is the appearance of antisymmetric (/i <-> v) terms in the 
expansion of T^ v . We shall start with a discussion of the structure function g\ for the case of 
photon exchange. The analysis of gi is complicated by the appearance of transverse effects and 
will be discussed in Section 8. We may then assume longitudinal polarisation P a = MS a of the 
proton. One has 

2 9 

T^antisymm^em. current) = ie^ u x a q X ^ (— ^ ) n <7 m ■ • • ^ R^ 1 "^ 71 ' 1 E?(Q 2 /[i 2 , a s ) 

n=l,3,5,... ^ i=0 

(4.71) 

where 

= i "-i^ 7S7 {ff £>« . . . D^-^Xiijj (4.72) 

with i = 0, . . . , 8; n = 1, 3, 5, . . . and 

with n = 3, 5, 7, . . . are the relevant operators, Aj are the Gell-Mann matrices (Ao= unit matrix) 
and {} denotes symmetrization on the indices cr/ii . . . In order to obtain operators of 

definite twist and spin, the appropriate subtraction of trace-terms is always implied. Ris are 
the nonsinglet and Rq and Rg the singlet contributions. For each n=3,5,7,... there are 8 NS 
operators and two singlet operators. For n=l (the first moment case) there are 8 NS operators 
V'757o-Ai-8V' Du t only one singlet operator ip, the axial vector singlet current. This operator 

is of particular interest because it carries the triangle anomaly. Through this anomaly the gluon 
enters the scene , via 5C g in Eqs. (Ek46D and (|465|) even though formally no gluon operator Rg 



exists for n=l. The case of the first moment will be discussed in great detail in Section 5. 



50 



We shall denote the matrix elements of the operators Ri by Mi (S a 
(PSIR^-^IPS) = -M?S {u P^ . ..P^- 1 ^. 



Pa/M): 



(4.74) 



Furthermore, the imaginary part of (PSlT^PS) is related to the hadronic tensor Wu,v in 
Eq. (2.1) which determines the cross section and contains the structure functions 1 164, 306, 
307, 266, 449 1 . Therefore, through the optical theorem, g\ can be related to the E™ and the 
matrix elements M": 



Jdxx n ~ 1 g 1 (x,Q 2 ) = ^M^Q 2 /^,", 



(4.75) 



for n = 1, 3, 5, Notice that the knowledge of the moments for n = 1, 3, 5, . . . together with the 

fact that gi is even in x *-* —x completely determines g\ by analytic continuation. The functions 
E? , the "Wilson coefficents", have a (5 2 -dependence which is determined by the anomalous 
dimensions b^f 1 defined in Section 4.2 namely 

M<2 2 ) 

5j n (a s 



E?(Q 2 /v 2 ,a s ) =^^(l,a s (Q 2 ))rexp[- J 



j 

where \x is the renormalization point 

b 



Mm 2 ) 

T indicates "time" ordering, 

b b b 



2p(a 3 ) 



■da>s 



(4.76) 



Texp / f(x)dx = 1 + / f{x)dx + dx dyf(x)f(y) + ... 



(4.77) 



When one expands Eq. ( 4.76j ) in powers of a s , it turns out that the two-loop /3-function 
and anomalous dimensions enter the first order correction. This will be shown explicitly in 
Eq. ( 4.8C| ). Those two- loop quantities as well as the first order Wilson coefficients are in 
general scheme and convention dependent. By scheme dependence we mean a dependence on the 
regularization procedure as well as on the renormalization prescription. But this dependence 
cancels in the combination which enters Eq. ( 4.83 ) below, i.e. it cancels in the prediction for 
the physical quantities. This is complementary to what we said about different definitions of 
quark densities in Section 4.2 and is exactly analogous to what happens in unpolarized scattering 



., [463|, |273|. 

Comparing ( 4.75| ) and ( 4.62j ) there is a one-to-one correspondence between the OPE and 
the parton model description. The matrix elements correspond to the moments of suitable 
combinations of parton densities 5q,5q and 5g. For example, 

l 

' ' ' ~ 1 [5u + 8u + 6d + 6d - 2(6s + 6s)] . (4.78) 



Mi 



— I nxx n - i 
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The anomalous dimensions of the OPE govern the Q 2 -evolution of the parton densities and the 
Wilson coefficients arise as the 'constant terms' discussed in Eq. ( |4.40| ). This correspondence 
holds for general n. For n=l there is the peculiar situation that only one singlet operator exists 
whereas in the parton model there are two degrees of freedom, the first moment of <5£ and the 
first moment of Sg. Therefore the translation between the two schemes is somewhat more subtle 
for n=l than for general n and will be discussed in detail in Section 5. 

For each n = 3, 5, ... the anomalous dimension matrix 5^f n decomposes into a 2 x 2 singlet and 
a 8 x 8 nonsinglet block. Let us first discuss the nonsinglet part in some detail. In the nonsinglet 
block the operators are multiplicatively renormalizable with effectively one anomalous dimension 
^NS' proportional to the moment of the evolution kernel 5Pns introduced in the last section 
(see footnote ||) . It can be expanded in powers of a s 

Wns = + (£) 2 *7$T + O(o°) (4-79) 

where f^jyg are given by the moments of the quantities SPqq and SP^ S _ introduced in 



Eq. ( 4.49|) . They are identical to the analogous quantities in unpolarized scattering. More 
precisely,one has £7^5" = —ASPqq and £7^5 = —8SP^ s n _ (see footnotes [l] and ^) because of 
the use of 4tt instead of 2ir in the expansion parameter. SP^g, plays no role for g\ but is only 



important for 53 and 34 + g§ in ( |2.28| ) (cf. Sect. 6.7). Since the OPE method provides only the 
values of the even or odd moments depending on the crossing parity of the particular structure 
functions, only specific NS splitting functions (SPj^g_ or 5P^ S+ ) are allowed in the evolution 
kernel. This is in contrast to the more general parton model method discussed before, which 
makes no restriction on the value of n. In other words, the parton model formulae, besides 
reproducing the OPE results, provide also the analytic continuation of the OPE results to those 
values of n which are artificially forbidden in the OPE. 
Inserting Eq. ( 4.79 ) in ( |4.76| ) one obtains 



MM 2 ) 

where we have used 



4vr ^ 2/3 2/3 2 

(4.80) 



PM ~ -Po^-P^m 2 (4.81) 



a q Att \AttJ 



with /3q = 11 — |/ and 0\ = 102 — ^/ as in the previous section. This makes explicit that 
the two-loop anomalous dimensions and /3-function enter the NLO one-loop analysis of cross 
sections, i.e. Wilson coefficicents. 
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The Wilson coefficient has the form 

E n (l,a s (Q 2 )) = 1 + ^6C% S + 0(a z s ) ( 1.82) 

with SC^s given by Eq. ( [4.63 ) in the M5-scheme. 
One can combine the above expansions to obtain 

f , n-i * n 2, f a.{Q 2 ) \* r ™ /2fh f 1 , *s(Q 2 ) ^ n , a,(Q 2 )-a,(/x 2 







' X W" X (°) n 

2/?o 2/3 2 



■^M?V) (4.83) 



which should be compared with Eqs. ( [4.61 ) and ( [4.62| ), This equation shows how the 0(a s ) 
Wilson coefficient SC^ S and the anomalous dimensions combine with the matrix element to form 
the n-th moment of g\. As discussed earlier, the scheme dependence of the quantities SC^ S and 

S^jyg must cancel in the combination in Eq. ( [4.83| ) because it gives a physical observable. 

Similar features arise in the singlet sector and in higher orders although the formalism 
becomes more complicated. In the singlet sector the anomalous dimensions form a nondiagonal 
2x2 matrix and there are two coefficients, one for the quark type operator Rq and the other one 
for the gluon operator Rg.To first order a s the coefficient for the quark type operator is the 
same as for the nonsinglet operators, and is of the form 

££(1, a s {Q 2 )) = 1 + g*C? + 0(a 2 ) (4.84) 

with 5C2 given again by Eq. ( [4.63 ) . The coefficient for the gluon operator is of the form 

E n g (l,a s {Q 2 )) = ^-5C^ + 0(a 2 ) (4.85) 

with 8Cg given in the MS scheme by Eq. ( p3j ). The singlet anomalous dimension matrix has 
an expansion 

W = %*§»+(%)\§* + otf) (4.86) 

where 5^$, 6j^ n and 8~fg are 2x2 matrices with indices ij = qq,qg,gq,gg- With these 

1 

expansions one can now calculate the singlet part of J dxx n ~ 1 gi(x,Q 2 ), using the one-to-one 



correspondence between the parton model densities and the OPE matrix elements, with the 
same methods as described after Eq. ( 4.55|) . The result is exactly analogous to Eqs. ( 4.60 ) and 
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( j4.62p . An alternative to present this somewhat cumbersome matrix result is the following. If 
one goes to a basis of the quark and gluon matrix elements, in which 5'y^ n is a diagonal matrix, 
one can calculate the exponential matrix 

« S (Q 2 ) 



with 



^ ±± - ( ^pyj r + — ^ — i ift- —2^- J (488) 



^4 T 



, (0)n r (0)n 

<$7± -«7q= 



2/?o 



47T 



I a s (^ 2 ) J 



47T 



I « s (/x2) J 



(4.89) 

where (57^ n = — 4AJ are the eigenvalues of £70 [cf. Eq. ( 4.30 )], and £75 is assumed to be 
of the form 



x (!)" 



x (l)n c (l)n 
5 mn fo» 



(4.90) 



in the new basis. 

The first order Wilson coefficients and the two-loop anomalous dimensions are scheme depen- 
dent. However, for consistent schemes the scheme dependence must be such that the predictions 
for the physical quantities, the moments of g\ , are scheme independent. This implies that 
the combinations of coefficients and anomalous dimensions , which appear in the representation 
of gi, are scheme independent as discussed at the end of the previous section. For example, 

(l)n 

from Eq. (4.83) we see that 25C^ S + must be a scheme independent combination. A 



similar scheme independent combination exists in the singlet sector. In the following we want 
to compare some results for 5C^ Sqg and £7^55 m various schemes. Note that the first order 
anomalous dimensions 5j^ n [given in Eq. ( 4.26|) 1 as well as the /3- function coefficients /3q and 
01 are scheme independent. In all schemes singular collinear pole contributions arise, which are 
to be factorized into the quark distributions. The various schemes are: 



The MS scheme in dimensional regularization using the reading point method [383] for the 
treatment of 75 (75 is appearing due to the projector on the quark's helicity). In this scheme 
the factorized singular terms in the coefficients are of the form Sj^™^ - — ln47r + 7^). 
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The reading point method is the more systematic generalization of the CFH [147] 75- 
presription, i.e. a totally anticommuting 75, in which the 7*5- vertex is defined to be the 
starting point, from which the Dirac trace is read. From the calculational point of view 
this scheme is the most tractable one, because no extra mass parameters or counter terms 
have to be introduced. Indeed, it is this scheme, for which all coefficients <5C™ are known 



and all anomalous dimensions 5^- 



(l)n 



have been recently calculated for the first time p3 



The coefficients are given in Eqs. ( 4.63| ) and ( 4.64 ) and the 2- loop anomalous dimensions 
are given in [ |436| , |279| ] as described in footnotes |3| and 0. It is interesting to note, that for 



the first moment (n = 1) 



and 



6 Tns- 



C f = -2, 



0, 



d^ 1 = 2AC F 



f 



(4.91) 
(4.92) 

(4.93) 
(4.94) 



7^(77 = —1) (see footnote |j). The relation Q4.91 ) implies that the 

x (1)1 



where S^/^ s _ 

correction to the Bjorken sum rule is saturated by o~Cjj S , i.e. Sjj^g_ = in Eq. ( 4.83 ) 
due to ( 4.93| ). The relation (4.94) implies that in this scheme the quark contribution to 
the first moment of g\ is not conserved ((5 2 -dependent). It will be shown in Section 5 
that this implies that in this scheme there is no gluon contribution to the first moment of 
gi, i.e. 5Cl = as made explicit in Eq. Q4.92 ). The same results for 5C™ and S'y^ n are 
obtained g36| if one adopts the HVBM 



j, 125] method for treating the 75 matrix in 
D / 4 dimensions, provided an additional renormalization constant (counter term) |101| | 
is introduced in order to guarantee the conservation of the NS axial vector operators R\s 
in ( 4.72] ). It is mandatory to keep these NS axial vector currents conserved p78| ] due to 
the absence of gluon-initiated triangle 75-anomalies in the flavor non-singlet sector which 
dictates the vanishing of <^7^ 1 _ . 

It should be noted, however, when using 'naively' the original HVBM prescription for the 
treatment of 75 one obtains [ |522| , 512] a result for SC^s = <5Cq which implies for the first 
moment 5Cq = 



\Cp which is different than the one in Eq. fll.91| ). This corresponds, 



however, to a non-zero value for 5j^g_ [on account of the scheme invariance of 25C\j S + 
— 3Cf, using Eqs. ( [4.91|) and ( 4.93Q 1 in contradiction to the conservation of the 



s Jns- 

2A) 

NS axial vector current. 
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The regularization with (on-shell) massless quarks and off-shell gluons. From the calcu- 
lational point of view this scheme is difficult, because the gluon off-shellness is difficult to 
handle in two-loops, and consequently the are not known for general n. However, 

this scheme is rather meaningful physically for polarized DIS, because it corresponds best 
to the notion of constituent quarks |4^, [465|1 as will be discussed in detail in Sec- 

tion 5. Furthermore, it avoids the fundamental difficulties with 75 present in dimensional 



regularization. The Wilson coefficients in this scheme are given by |160| , 377] 

3 2 13 1 

(n+ l) 2 ~ n(n+ 1 



5C% 



C F 



9 3 
4 2n n + 1 



+ — 

n z 



■)5i(n) + (5i(n)) i 



6C n = 2T R 



rl 



1 

— + 

n z 



where, as previously, Sk(n) 



n n + 1 n 2 ' (n + l) 2 
In particular one has 



5C 



NS 



5C 1 



and [43] 



s Tns- 



1 
2 

<57 (1)1 



0. 



3S 2 (n 
(4.95) 
(4.96) 



(4.97) 
(4.98) 

(4.99) 



These results correspond to a nonvanishing gluon contribution to the first moment of g\ 
and to conserved, i.e. Q 2 -independent, first moments of the polarized quark densities. 

A theoretically consistent NLO analysis of polarized structure functions and parton dis- 
tributions cannot be performed for the time being, apart from their first (n = 1) moments 
since it would require the knowledge of all SjQ , or equivalently of 5jij(x), in this par- 
ticular regularization/factorization scheme. 

Just as the MS scheme the off-shell scheme naturally fulfills 5C^ = —2. This implies that 
the coefficient alone saturates the Bjorken sum rule and reproduces the standard correction 
factor 1 — — for the first moment of the singlet contribution. 

The regularization with massive quarks. Some of the collinear singularities in the coefficient 
functions can be regularized by introducing a quark mass. The remaining singularities are 
again regularized by a nonzero offshellness/mass of the gluon. For example, for the Wilson 
coefficient of the quark field one obtains to one-loop order [505] 



5C% 



C F 



5 t 2 
2n n + 1 



+ ■ 



1 



n- 



(n + 1) 



+ 



<^ + ^— 

l 2 n(n + l) 



)S 1 (n)-3S 2 (n) 



(S 1 (n)f 
(4.100) 
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For the first moment this yields SC^ = — -^Cf, i.e. not directly the expected correction to 
the Bjorken sum rule (cf. Section 5 for more explanations on the scheme dependence of 
the first moment). 

Although this scheme is not very tractable in a two-loop calculation, and for the light 
quarks is usually not considered very physical, its results are sometimes interesting for 
comparative reasons. For example, in |43| it was shown that the difference S^qq 1 (massive 
quarks)- £7^5 (massless quarks) is of such a form that it cancels the corresponding change 
in 5Cg so that a scheme independent result arises (for more details see Section 5). 

In the case of heavy quarks (m 2 S> A.qcd) a calculation with quark masses has to be done, 
but then the quark mass is not just a regulator (O(m)-terms to be neglected), but has a 



real physical meaning [521, 281]. The heavy quark contribution to PDIS will be discussed 
in detail in Section 6. 

Keeping the incoming parton (quark or gluon) off-shell is another possibility to renormal- 
ize; SC g is then given by |37? 



SCI 



C F 



|50 

3 2 
2n n + 1 



2 2 3 

n z (n + l) z 2 



(4.101) 



and 8C™ is as in Eq. ( [4.96 ). The first moments are again as in Eqs. ( 4.97|) and ( 4.98 ), 
and the ones for the quark anomalous dimensions are given by Eq. ( 4.99| ). Again the 
anomalous dimensions for arbitrary n are not known. 



4.4 The Behavior of gi(x,Q 2 ) at Small x 

The behavior of g\ at small x is an important issue because the experimental determination of 
the first moment of gi(x, Q 2 ), as defined in Eq. (|3.2j), depends on it rather strongly. Therefore 



it has an influence on tests of the fundamental Bjorken sum rule [105] and of the Gourdin- 
Ellis-Jaffe expectations for r?' , which will be discussed in detail in Section 5, and also on the 
question how large the contribution from the various parton species to the proton spin is, cf. 
Eq. (|1 . 1[) . Due to the very different polarized and unpolarized splitting functions (except for 



SPqq = Pqq ,5Pfj^_ = P]ys±) one expects different Q 2 evolutions of g\ (x, Q 2 ) and Fi^(x, Q 2 ), 
respectively, and thus different small-x predictions for these two cases especially in the medium- 
to small-x region (x < 0.2) dominated by polarized flavor-singlet contributions <5£ and 5g. Ac- 
cording to our results in the two previous subsections, e.g. Eqs. (4.28) and ( f4.60| ), these quantum 
field theoretic renormalization group predictions depend on the input densities 5T*(x,Qq) and 
5g(x, Qq) to be fixed mainly by experiment. Unfortunately, the present polarization experiments 
[p§| ) |69] , |22| , [i~5| , 17, [57], H], H|, § with their scarce statistics constrain these singlet input densities 
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rather weakly, see, e.g. |64|, H|, p79| , in particular £ 5 (x, Qg) remains almost entirely arbi- 
trary, which is in constrast to unpolarized structure functions (see, e.g., [285, 288 , |289(| ). One 
therefore has, for the time being, to rely on theoretical prejudices and guesses. 

There is a suggestion from Regge theory for the small-x behavior of g\. Under the assump- 
tion that there is no spin dependent diffractive scattering, one may assume that the ai(1260) 



trajectory dominates the Regge asymptotics |127| , |229| and obtains 



9i{x,Ql) ~ x' 



xi (o) 



-0.5<a Ol (0) <0 



(4.102) 



where a ai (0) is the intercept of the degenerate ai(1260), /i(1285) and /i(1420) Regge trajecto- 
ries. The scale Qq where this asymptotic expectation is supposed to hold is entirely unrestricted 

should behave more or less like a 
x°), to be compared with a fit |T^, |22|] to the EMC data @, ||, 

i, ,]7 -oA2, The main un- 



by Regge arguments. A naive guess would be that g±(x, Qq 



constant as x 



(51 



which has been done for the region x < 0.2 and yields g^(x,Q ) ~ x 
certainty lies of course in the value of Q 2 = Qq where this Regge behavior is implemented. If, 
for example, we implement Eq. ( [4. 102 ) at a scale Qq ~ 1 GeV 2 then, according to the QCD 
evolution, g\ (x, Q 2 ) as well as 5q(x, Q 2 ), 5q(x, Q 2 ) and 5g(x, Q 2 ) derived from it will be steeper 
as x — ► than in Eq. ( 4.102|) at Q 2 > 1 GeV 2 , e.g. at Q 2 ~ 10 GeV 2 relevant for some recent 



experiments p8| , |69| , |22| , |15| , |17|| . The only somewhat reliable conclusion we can draw from this is 
that gi and thus 5q v , 5q and 5g will not diverge at the same strength as x — > as the unpolarized 
structure functions iq and F^/x since q v ~ £~ a p(°) ~ x~ 1 / 2 and q,g ~ x~ ap ^ ~ of" 1 . The 
divergence of the unpolarized structure functions for x — ► is driven by the ^ singularity of the 
vacuum (Pomeron) exchange which is not present in Sq v (x,Q 2 ), 5q(x,Q 2 ) and 5g(x,Q 2 ). 

Accepting a particular input behavior at Q 2 = Qq, the perturbative QCD prediction at 



Q 2 > Qq for the singlet sector follows from Eqs. ( 4.28] - 4~36| ) and ( [4.60 ). Even in the small- 
x limit one has to resort to the full solutions of the evolution equations since the 'leading 
pole' or 'asymptotic 1 " 



approximation 



174, 76] to the polarized splitting functions is 
quantitatively (and partly even qualitatively) not appropriate |283| , |265| , at least for x-values 
of experimental relevance, x > 10 -3 . For qualitative purposes it is nevertheless instructive 
to recall the leading pole (in n) or asymptotic - approximation, presented here in LO for 



simplicity In polarized scattering all 5P^- in Eqs. ( |4 . 2 1| ) and ( [4.26 ) are less singular as x — > 

than in unpolarized scattering: 5P-p n ~ ^ [5P-j\x) ~ const.] as compared to ~ ^rj 

[Pgi\x) ~ ^] and Pg^ n ~ ^ [Pgi\x) ~ const.]. This complicates the situation to some extent 
because polarized quark and gluon densities contribute at the same level. Thus the 2x2 matrix 
of splitting functions in Eq. ( 4. 25] ), required for the LO solution ( 4.28; ), reduces to 



§ p(0)r 



1 

J 

+o n 



C F 
2C F 



-VTr 
±C a 



(4.103) 
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with Cf = ^,Tr 
[cf. O] 



\,Ca = 3. We first diagonalize this matrix and obtain for the eigenvalues 



a; 



iA ± . 

n 



2 V 3 3 V 32 



(4.104) 



For / = 3 active flavors we have A+ = 11.188 3> A_ = 2.145. This means that the second term 
in Eq. (4.31) which involves the A" renormalization group exponent is subleading as x — > and 
we obtain approximately 



5S n (Q 2 ) 
5g n (Q 2 ) 



1 



A_ 



Cf - A_ 
2C F 



-VT R 

AC a - A_ 



«5S"(Q2 

Sg n (Ql) 



e fj n 



(4.105) 



where £ = £(Q ) = InL = ln[a s (Qo)/a s (Q )]• Approximately the same result can be ob- 



tained, if one uses just the dominant 5Pgg contribution AC a and neglects the remaining entries 
in ( 4.103| ): In that case one has A+ = AC a = 12 and A_ = 0, i.e. a sufficiently accurate ap- 
proximation [174]. Assuming the input densities to be flat in x as x — > [cf. Eq. ( [4.102 )], 
5^{x,Ql) ~ const, and 5g(x,Ql) ~ const., i.e. ££ n (Q§) ~ ± and 5g n {Ql) ~ ±, Eq. plOBD can 
be easily Mellin-inverted, cf. ( 4.37 ), on account of p70] , [427[ , 192 ] 



C+JOO 



C+JOO 



<5/(x,Q 2 ) = — / dnx~ n 5/ n (Q 2 ) ~ — / dnaT^et = I Q (2\ a\n-). (4.106) 



Using the asymptotic expression for the modified Bessel function Iq(z) 
z, we arrive at the 'double leading log' (DLL) formula 



12-KZ 



0{\) for large 



5Y,(x,Q ),Sg(x,Q ) ~ C^ g exp 

x— >0 



|-A + e(Q 2 )ln- 

Po x 



(4.107) 



where all (partly unknown) constants are lumped into Cs, a - This gives the dominant x — > 
behavior of the singlet component gi t s of gi = gi,NS + <?l,S which dominates g\ because the 
nonsinglet part ( [4.27 ) leads, analogously to the above derivation using 5Pq^ n ~ to 



SqNs{x,Q ) ~ CNSexp 



2 A /-^C^(Q 2 )lni 

Po a;. 



(4.108) 



which is again subleading since A + 3> Cf- These results illustrate that for example a positive 8g 
input [C g > 0) drives 8T,(x,Q 2 ) negative as x — ► and Q 2 increases, due to the negative large 



matrix element — 2/Tr in ( 4.105 ). Therefore is eventually driven negative as well for x < 10 
and Q 2 > 1 GeV 2 [76, 41]. Thus, estimates of small-x contributions to the first moment Ti(Q 2 ) 
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of gi(x,Q 2 ) using Regge extrapolations alone will be unreliable, underestimating their size, for 
a positive Sg, and sometimes even giving them the wrong sign [41, 

Equation ( |4~T07| ) may be compared with the asymptotic - behavior of the unpolarized struc- 
ture function -F li2 (x, Q 2 ): Assuming that the gluon with Pgg n ~ dominates the evolution 
of the singlet quark combination X = q + q, the quantity which couples directly to F\ t 2, one 
obtains the standard DLL result |27C 



427, 192| 



xg(x,Q 2 ) 



~ exp 



^2C A i{Q 2 )\n- 

00 X 



(4.109) 



which is in principle similar to the result in Eq. (4.107) but has an additional factor =■ in front 
due to the dominant vacuum (Pomeron) exchange allowed for spin-averaged structure functions 
as discussed at the beginning of this subsection. 

This relatively simple exercise demonstrates explicitly that A\{x, Q 2 ) in Eq. ( 2.14|) will not be 
independent of Q 2 in the small-x region, as commonly assumed |447| , |68| , |69| , |22| , |i~5| , [T^ , |57| , ||, || 
for extracting g\{x,Q 2 ) [because A+ ~ AC a > 2Ca according to Eqs. ( 4.107| ) and ( |4.109| )], i.e. 



^4i(x,Q 2 )~ 



gi(x,Q 2 ) 

Fi(x,Q 2 ) 



~ 2x 



gi(x,Q 2 ) 

F2(X,Q 2 ) 



~ x exph(V2 - I) J |-2C^(Q 2 ) In-}. (4.110) 



const, as x 



1 due to 5P, 



(0)n 



P, 



(0)n 



qq 



and 5P, 



(l)n 



NS± 



Pn^s± wri ich 



Note that Ai(x,Q 2 ) 

dominate in the large-x region. It should, however, be emphasized that the above asymptotic 
results in (4.107) and ( 4,108| ) are not even qualitatively sufficient for x as low as 10~ 3 when 
compared with the exact LO/NLO results for A\ 



265, E79J. They might become relevant 



for x < 10~ 4 , depending on the input densities [283, 265]. For practical purposes, however, the 
very small-x region appears to be not very relevant since, according to Eq. ( 4 . 11 0|) , Ai(x, Q 2 ) ~ 
^pr 3 - — > as x — > is already unmeasurably small (of the order 10~ 3 ) for x < 10~ 3 . Thus 
the small-x region is unlikely to be accessible experimentally for gi(x,Q 2 ), in contrast to the 
situation for the unpolarized F li2 (x, Q 2 ). 

In addition, the evolution of parton distributions f(x,Q 2 ) involve in general convolutions 



P®f, see e.g. Eqs. (4. 12), ( 4.14| ) and ( [4 . 1 9| ) , which are sensitive to the shape of these distributions 
in the large-x region, even for (P ® f)(x — > 0). This can be easily envisaged by considering 



according to Eq. (4.102), for example, 



E 

n=0 



which implies for the convolution, using P(x) = ± with p > 



(P®/)(z 



o) ~ — y 

i xP 



n + p 



p 



a 



+ Q{x- 



p-a\ 



(4.111) 



(4.112) 
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Thus, because of the remaining a-dependence, the behavior of P (g> / in the small-x limit is 
closely correlated with the distributions in the large-x region! A more detailed quantitative 
analysis can be found in []265| . Therefore the mere knowledge of P(x) and f(x,Q 2 ) as x — ► 
is insufficient to predict gi(x,Q 2 ) in the small-x limit. It is thus apparent that reliable results 
can only be obtained by performing full LO and/or NLO analyses as described in the previous 
sections 4.1 and 4.2 |283| , |279fl . Anyway, the scale-violating Q 2 -dependence of A\(x,Q 2 ) is a 
general and specific feature of perturbative QCD as soon as gluon and sea densities become 
relevant. This is due to the very different polarized and unpolarized splitting functions ■ 



and P^' 1 ^, respectively (except for x — > 1 as discussed above, after Eq. ( 4.110) )). 



Finally, let us turn to the more speculative non-perturbative approach to the small-x be- 
havior of g\. The result in Eq. ( 4.102| ) is obtained if there is no spin dependence in diffractive 



scattering. The possibility of spin dependent diffractive scattering has been examined in [ 174 , 



where it has been shown that a logarithmic rise of g\ at small x could in principle be induced 

gi(x,Q 2 ) ~ In- (4.113) 

x— >0 X 



with the scale Q 2 being entirely unspecified. An explicit calculation |8^], being based on the 
exchange of two non-perturbative gluons, has manifested this lnx behavior, i.e. g\ ~ 2 In - — 1. 
The behavior in Eq. ( 4.113| ) is by no means compelling but it shows that there is a considerable 



amount of theoretical uncertainty, at least as far as the non-perturbative input distributions are 
concerned. A numerical analysis shows that this leads to an uncertainty in the determination 



of the first moment, defined in Eq. fl3.2[), typically about 10% |174|. This can be seen by taking 



the present experimental results with cut values x > 0.01, cf. Eq. (|3.4| ), and fitting Eqs. ( 4.102 ) 



and ( 4.113 ) in the small-x region. 

Even extreme double-logarithmic contributions g\ ~ In 2 ~ are conceivable and, in fact, 
claimed to be present at x <C 1 [174, 237| , |32] , j33[l , which are not included in the usual RG 



evolution equation. More precisely, in a simple ladder approach one has for each (except for 
the first) power of a s terms of the form (a s ln 2 ^) 2 . Summing up to arbitrary order in a s one 
obtains g\ ~ (^) Clv/ "°. This is to be contrasted to the unpolarized structure function F\ for 
which one gets in this approach F\ ~ (I) c 2 Q s _ ^he latter result is obtained by resumming single 
logarithms of - where double logarithms are not present in the unpolarized case. Numerically, 
the exponent c\yfal turns out to be larger than 1 for the singlet contribution to g\. Therefore 
in this approach the first moment of g\ does not exist. This probably signals a breakdown of the 
approximation used and suggests that other, yet unknown, terms in addition to the logarithms 
of x have to be summed as well. 

A recent more detailed and consistent analysis [jlll| , |110| ] has demonstrated, however, that 
such more singular terms are not present in the flavor nonsinglet contribution to g\ because 
potentially large ln n x contributions get cancelled by similar singular terms in the Wilson coeffi- 
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cients. Such a conclusion can not be reached for the singlet contribution to g\ since less singular 
terms of the NNLO (3-loop) singlet splitting functions have not yet been calculated [112], 



5 The First Moment of gi 

5.1 The First Moment and the Gluon Contribution 

Quantities of particular significance are the first moments of polarized parton distributions 
5f(x,Q 2 ), 

Af(Q 2 )= [ dx5f(x,Q 2 ) , f = q,q,g (5.1) 
J o 

since they enter the fundamental spin relation Eq. (1.1). According to Eqs. (4.1) and (4.2), 



A(g + q) is the net number of righthanded quarks of flavor q inside a righthanded proton and 
thus ±A£(Q 2 ), cf. Eq. @, is a measure of how much all quark flavors contribute to the spin of 
the proton. Similarly, Ag(Q 2 ) in (|1.1| ) represents the total gluonic contribution to the spin of the 
nucleon. Later we shall try to answer the important question of how much these first moments 
contribute numerically to the spin of the proton. The present experimental results on the first 
moment Ti(Q 2 ) = Jq dx g±(x, Q 2 ), defined in Eq. ( |3.2|) and reviewed in Sect. 3, have a better 
statistics than g\{x, Q 2 ) itself, just because Ti(Q 2 ) is an average. It should, however, be kept in 
mind that the determination of Jq dx gi(x, Q 2 ) relies on theoretical assumptions concerning the 
extrapolations for x — > and x — > 1 since the actual (x, Q 2 ) dependent data extend only over a 
limited range of x. 

Let us first study the scale (Q 2 ) dependence of AT,(Q 2 ) and Ag(Q 2 ) in LO. The n = 1 



moment of the singlet evolution equations in ( 4.25 ) is given by 



d ( A£(Q 2 ) \ a s {Q 2 ) ( AP$, 2fAP$ \ / AS(Q 2 



dt V Ag(Q 2 ) J 2vr ^ AP^, AP$ ) V A 5 (Q 2 ) 

a s (Q 2 ) ( 0, W AS(Q 2 ) 

A 

2 



2tt I 2, | M Ag(Q 2 ) 




+ 0(aj) 
0(a 2 ) (5.2) 



according to Eq. ( |4.26|) , and (3q = ^(HN c —2f) is the coefficient appearing in the renormalization 



group equation for a s , = —f3Q-^ + 0(a s ), with N c = 3 and / = 3 for the relevant 'light' u, d, s 

flavors. The Q 2 -independence of AE is trivial due to AP^ = AP^ = which holds also for 
each NS combination in (4.24) due to -^Aq^siQ 2 ) = + 0(a 2 ). Thus the total polarization of 

each (anti)quark flavor is conserved, i.e. (^-independent in LO: Aq (Q 2 ) = const. The vanishing 
of APi? can be understood as follows: assume that a gluon of positive helicity +1 splits into 
a qq pair. Then the helicity of the quark will always be +^ and that of the antiquark —I, and 
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therefore APqg = 0. (Note that in this process angular momentum is produced.) AP gq = 
is a consequence of SPqq (x) = Pqq\x) together with the so-called Adler sum rule J2(| which 
says that the number of quarks of a certain flavor inside the proton is Q 2 -independent. In 

chirality preserving regularization schemes the Q 2 -independence of Aq holds true even beyond 
the leading order. Furthermore, Eqs. (|5.2|) imply for a s Ag 



j t [a s (Q 2 )Ag(Q 2 )]=0 + O(a 2 s ) (5.3) 

and thus a s (Q 2 )Ag(Q 2 ) ~ const., i.e. (^-independent in LO |395| , |275| , |47| , but not in higher 
orders. This is a rather peculiar property of the n = 1 moment of 5g(x, Q 2 ) and derives formally 
from the appearance of (3q in APgg\ Therefore the product a s Ag behaves more like an object 
of order 0(1), although strictly speaking it refers to a combination which enters only in NLO, 
and any contribution ~ a s Ag to Ti(Q 2 ) could be in principle potentially large, irrespective of 
the value of Q 2 . From the theoretical point of view it is important to note that a s (Q 2 )Ag(Q 2 ) 
becomes Q 2 -dependent beyond the LO. However, for practical purposes the (5 2 -dependence is 
too small to distinguish AS and a s (Q 2 )Ag(Q 2 ) by examining this (J 2 -dependence. 
In the LO-QCD parton model one has, using the SU(3) flavor decomposition Eq. 



rH«? 2 ) = i( ± iA s + ^ 8 + ^) (5.4) 

where 

A 3 = Au + Au-Ad-Ad (5.5) 

A 8 = Au + An + Ad + Ad - 2(As + As) (5.6) 

A = AS = J^(Ag + Ag) = A 8 + 3(As + As) (5.7) 
q 

with Ai being related to M™ =1 in Eq. ( [4.75| ) in an obvious way. As discussed above, the two 
flavor nonsinglet combinations (^3,8) an d the singlet Aq = AS are independent of Q 2 in LO 
QCD. As discussed already in Sect. 4.3 (in particular after Eq. ( [4.94] ) ), the NS combinations 
have to remain Q 2 -fndependent, i.e. conserved to any order in a s due to the absence of the 
gluon-initiated 75-anomaly in the NS sector. This is in contrast to the singlet component Aq 
which can and will become Q 2 -dependent beyond the LO, depending of course on the specific 
factorization scheme chosen (e.g. due to the nonvanishing Ajg q ^ in ( 4.94| ) in the MS scheme). 



The fundamental conserved NS quantities A3 and A% can be fixed by the Gamov- Teller part of 



the (flavor changing) octet hyperon (5 -decays (F, D values) [482, 



A 3 = F + D = — = 1.2573 ± 0.0028 (5.8) 
9V 

A 8 = 3F-D = 0.579 ± 0.025 (5.9) 
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with the F, D values taken from [438, 173]. It should be noted that the result for A3 relies only 



on the fundamental SU(2) isospin symmetry, i.e. is obtained just from the neutron /3-decay. In 
order to obtain Ag one has, however, to extend the phenomenological analysis of the ^ ratios to 
the full 577(3) baryon octet, the spin | hyperons p, n, A, S 0,=t and H ' - . The /3-decay of some 
of these baryons or, more precisely, the transition of strange into nonstrange components, can 
be used to get information about A$. Thus the main assumptions used are SU(3)f symmetry 
and the approximation of massless quarks - both are not very precise but are to some extent 
reasonable. Then the hyperon transition matrix elements of the octet of the axial vector currents 
are of the general form 

(Hj PS\J^\H k PS) = S^-ifijkF + d ijk D) (5.10) 

where the hyperons are denoted by Hi, i = 1, . . . , 8 {H\ = S°, etc.) and fijj. and d^ are 
the totally antisymmetric and symmetric SU(3) group constants, respectively. The expression 
( |5 . 1 Q| ) is completely fixed by the two constants F and D, with a recent experimental fit resulting 



in g3|, [173] 



F = 0.459 ±0.008, D = 0.798 ± 0.008 , (5.11) 

i.e. -g = 0.575 ± 0.016, which gives A 8 in Eq. <^). Moreover, Eqs. fT8|) and (|0|), together 
with ( p^ ) and ( |5.6[) , allow to express A(u + u) and A(d + d) in terms of A(s + s): 

Au + An = ^(A 8 + A 3 ) + As + As = 0.92 + As + As , (5.12) 

Ad + Ad = -{A s - A3) + As + As = -0.34 + As + As . (5.13) 

The crude assumption As = As = essentially corresponds to the so called Ellis-Jaffe sum 
rule to be discussed below. A finite As = As 7^ (as likely to be the case experimentally) 
obviously implies significant changes of the total polarizations carried by u und d quarks in 
Eqs. ( 5.12j ) and (|5.13| ). Apart from contributing differently to the nucleon's spin, such changes 



of A{u + u) and A(d + d) from their 'canonical' values ^(^8 ±^3) in (5.12) and ( |5.13j ) may be of 



astrophysical relevance ]227| , 224 , 225 , [226| , 305 ] as well as of substantial consequences for, e.g., 



laboratory searches of supersymmetric dark matter candidates, and for the flux of neutrinos 
from supersymmetric dark matter annihilation in the sun (which will be reduced due to the 
reduced photino/neutralino trapping rate in the sun). 

The constraint equations (|5^) and ( |5.9| ) are the ones used in most analyses performed so 
far and we shall refer to them as the SU(3)f symmetric "standard" scenario. While the validity 
of (5.8) is unquestioned since it depends merely on the fundamental SU{2) j isospin rotation 
(u *-* d) between charged and neutral axial currents, the constraint Eq. ([|1]) depends critically 
on the assumed SU(3)f flavor symmetry between hyperon decay matrix elements of the flavor 
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changing charged weak axial currents and the neutral ones relevant for Af(Q 2 ). There are some 
serious objections to [482, 371, 56, 41C |, as well as some arguments in favor of |496| this latter 
full SU(3)f symmetry, i.e. to the constraint Eq. (5.9). We shall come back to these SU(3)f 
symmetry breaking effects later. 

Inserting the constraints Eqs. (|5.8|) and (|5.9|) into Eq. (|5,4|) gives, using (I 



r?'" = ± 1(F +J D)+A (3F-D)+±(As+As) 



0.185 
-0.024 



± 
± 



0.004 
0.004 



+-(As+As) (5.14) 



where the contribution from the strange sea remains unknown since the flavor changing (NS) 
hyperon /3-decay data cannot constrain the singlet quantity Aq = AS in Eq. (|5.7|) . Assuming 
naively As = As = 0, Eq. ( |5.14 ) gives 



1 i,ej — 



0.185 



(5.15) 



which is the so-called Ellis- Jaffe "sum rule" originally derived in [302 , |228] ]. This "naive" theoret- 
ical expectation lies, however, significantly above present measurements (cf. Table 2). This fact is 
usually referred to as the " spin crisis" or more appropriately " spin surprise" since a sizeable neg- 
ative polarization of the strange sea is required [}275| , 227 , 224] in Eq. ( 5.14[) (As = As ~ —0.05 
to —0.1) in order to reduce EJ , i.e. to reduce significantly the singlet contribution AS in (5.7) 
relative to A§; thus ^AS <C \, i.e. the quark flavors seem to contribute marginally to the spin 



of the proton, Eq. (1.1), which is surprising indeed! Alternatively, a negative polarization of the 
light sea quarks (Au ~ Ad < 0, keeping As = As = 0) could also account for a suppression of 

' lol 



AS in Eq. (5.7) when SU(3)f symmetry breaking effects are taken into account [411, 412, 
i.e. when the constraint Eq. ( |5,S| ) does not hold anymore; or a negative a s Ag contribution to 
AS could equally account for the required reduction [f47| , 216 ] of Aq in Eq. (5/7). The latter 
scenario of a large gluon contribution will be discussed in detail below. More detailed quan- 
titative analyses and results will be discussed in Sect. 6. Here it suffices to remark that one 
does not expect intuitively a large total polarization of strange sea quarks due to the fact that 
it is easier for a gluon to create a nonstrange 'light' pair (uu, dd) than a heavier strange pair 



289 ] as observed by 



- a situation very similar to the unpolarized broken SU(3) sea |285| , | 
neutrino-nucleon scattering experiments Jn], |248] , |453| 1. 

It is perhaps also interesting to compare the above results with the expectations of a (non- 



perturbative) "constituent" quark model [323, 168, 404]. The constituent models generally fulfil 
AS = 1, i.e. the entire nucleon spin is saturated by valence quark spins. Among the constituent 
models, the SU(6) model [ 323| , 168 , 404 ] is the most favorable, because it is able to explain some 
of the static properties of nucleons. For example, the SU(6) model explains the measured ratio 
(experimental value = —0.685). f] 



^ to be about 

Hp 



It is instructive to remind the reader that constituent quark models may be used to represent the nucleon 
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However, it fails to predict ^ ~ 



1.26 correctly but gives ^ 



|. Since is the triplet 



ingredient of gi(x, Q 2 )dx one suspects that SU(G) will fail for gi(x, Q 2 )dx as well. 

In a static picture of the nucleon, in which the nucleon consists purely of valence quarks, its 
wave function can be found by counting all possible antisymmetric combinations of three quark 
states. If there is negligible L z in the system, one quark spin is always antiparallel to the other 
two. The proton can then be described by a wave function which is a member of a 56-plet of 
SU(6), and the probabilities to find u+, u_, d + and d_ in the proton turn out to be 5/3, 1/3, 
1/3 and 2/3, respectively. For the neutron the role of u and d are to be interchanged. Thus 
Au = 4/3, Ad = -1/3 and Au = Ad = As = As = 0, i.e. 



A 



SU(6) 



3 ' ^ 8 



SU(6) 



,SU(6) 



so that 



-.p,Sl/(6) 
l 



5 

54 



— , r 



n,SU(6) 
1 



0. 



(5.16) 



(5.17) 



These numbers deviate only by about 30% in the NS sector from the experimental results 
Eqs. ( fT^ ) and ( |5.9D , but the difference is huge in the singlet sector Aq -C Aq 11 ^ = 1 - again 
a rather surprising result. It should be kept in mind, however, that constituent quarks are 
strictly nonperturbative objects which cannot be reached by perturbative evolutions in contrast 
to partonic quarks which should rather be identified with the current quark content of hadrons. 

in the MS scheme can be directly read off Eq. ( f4,62| ) : 



The NLO corrections to Eq. (| 



l 



7T 



± —a 3 + —a 8 + -aj:(q 2 ) 

12 36 9 V ' 



(5.18) 



(i) 

NS- 



where we used Eqs. fl4~9ip and fl3~9^ ); the NS combinat ions A3 8 remain Q 2 -mdependent due 
to the vanishing of A7 



magnetic moments pjv in terms of quark magnetic moments fi q 



in ( 4.93; ) in contrast to the singlet combination Aq(Q 2 ) = AT I (Q 2 ) 

-I— where m q is the constituent quark mass, 



e.g. rh u = 336 MeV [B4, 372, L55 , 326 1. This fact can be used to derive the successful relation 



-§. Writing 



= Vu(u+ — it-) + /J,d(d+ — d-) + fJ, s (s+ 



it is even possible to include strange quark contributions |8J, 372, 326 1. However, a real understanding of 
within constituent models will never be possible. The reason for this is that in magnetic moments antiquarks 
count with opposite sign than in Fj . Constituent quark models are able to account for antiquarks but informations 
from magnetic moment measurements cannot be used to get informations on because in magnetic moments 
combinations 

Ag - Aq = q+ - q- - q+ + q_ 
enter, whereas Ff is determined by combinations 



Aq + Aq = q+ 



1+ 



66 



since A 7^ 7^ in ( }4.94| ). The total polarizations of the parton distributions themselves evolve 



according to Eqs. (|4.54| ) and ( |4.55| ) with n = 1 and the LO AP^ given in Eq. ( |5.2|) and the 



nlo Apy 



(1) 



given by |436| ] (see footnotes |4] and ||) 



AP, 
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,(i) _ 

NS- ~ U ' 


AP (i) 


f ps -0.3197 


AP« = 

<n 


-2/, 




>-!<«,. 


3 j ' 


AP (i) = A 
99 4 



(5.19) 



where again f} x = 102— ^|£. Note that Ag{Q 2 ) in Eq. ( |4.62[ ) does noi contribute to T x in Q5.18Q in 
the MS factorization since here the first moment decouples due to AC g = 5Cg =1 = 0, cf. ( |4.92| ). 
It should be emphasized, however, that an actual analysis of present data which are available 



only in a limited x-range requires all moments in ( 4.62j ) where Sg n (Q 2 ), or equivalently 5g(x, Q 2 ), 
represent an important contribution to g% (x, Q 2 ) as we shall see in Sect. 6. Furthermore such an 
analysis is, for the time being, possible only in the MS scheme where all 2-loop 6PQ' are known 



[)436| , |513[| , unless one allows for transformations ( 4.69| ) to other factorization schemes. Moreover, 
since the polarized and unpolarized parton densities originate from the same densities of definite 
positive and negative helicities, Sf = /+ — /_ and / = /+ + /_ according to Eqs. (|4.1|) - (|4.4D 



and (4.10), it is also desirable to remain within the factorization scheme commonly used in all 
present NLO analyses of unpolarized deep inelastic/hard processes - which is the MS scheme. 
This is of particular importance for a consistent implementation of the fundamental positivity 
constraints (4.11). 

For completeness it should be mentioned that the NLO (MS 1 ) result in Eq. ( |5.18| ) has been 
extended to even higher orders 402] : 



T P,n {Q 2, 



+^AE(Q 2 ) ( 



a s (Q 2 



7T 



1 



a s (Q 2 



3.5833 



1.0959 



a s {Q 



2\\ 2. 



7T 



7T 



a s (Q< 



7T 



I) 



(5.20) 



for / = 3 light flavors. The evolution of AS(Q 2 ) involves now, in contrast to the NLO result 
( |5.18| ), two- and three-loop anomalous dimensions of the singlet axial current | }402| |. The Q 2 
corrections to the NS contributions have been calculated [403] even to Q{al). This is 
relevant for the (nonsinglet) Bjorken sum rule to be discussed in Sect. 5.4. 

Although a complete NLO analysis for all moments can, for the time being, only be performed 
in the MS scheme, there is a factorization scheme for the first moment, which is closer to the 
constituent quark picture Eq. ( 5.16| ); it allows, at least in principle, for larger contributions of 
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AS to the spin sum rule (|1.1[) . This is the scheme corresponding to Eq. ( f4.46j ), or the off-shell 
scheme resulting in Eqs. (|4.97|) and (f4.98|) , where Eq. ( 4.62 ) yields 



rf n (Q 2 ) 



a s (Q 2 ) 

IT 

a s (Q 2 ) 

7T 



){ ± T2 A * + h A » + l A ^}- 1 9 f 

[±^a 3 + ^a 8 + Imq 2 )) + o { 



1 f a s (Q 2 



2tt 
a 2 ) 



-Ag(Q 2 



for / = 3 light quark flavors and where the singlet contribution is now given by 



A,(Q 2 ) = AE oa 



Z7T 



(5.21) 



(5.22) 



in contrast to the identification ([Tt]) which appears also in ( |5.18 ). Here, AS ff is different from 
the quantity AS(Q 2 ) appearing in ( |5.18| ) and is Q 2 independent due to the vanishing of A'y^ 
in ( 4.99| ). Whether this conserved AS g is used to define the actual polarized quark densities 
or alternatively the " renormalized" non-conserved quantity AS(Q 2 ) = Aq(Q 2 ), is a matter 
of theoretical convention (choice of factorization scheme) or 'intuitive' physical interpretation 
pS| , [1C| , 464 , 465 ] as shall be discussed below. It should be remembered that only the products 
ACiAi and AC g Ag in Eq. ( 5.21 ) are renormalization convention independent quantities to the 
0(a 2 ) considered, which can therefore be meaningfully related to physical, i.e. experimental 



measurements. In this sense the second line in Eq. ( 5.21 ) is identical to the first one since the 
NNLO terms 0(a 2 ) are disregarded. It is this latter expression which has been frequently used 



for first moment analyses in the past, for example by 48, 45, 264]. It should be again mentioned 
that in these (non-MS 1 ) factorization schemes only the n = 1 moments of splitting functions 
(anomalous dimensions) have been calculated so far to which we will now turn. 

Originally, NLO contributions to the first moment T\(Q 2 ) have been calculated by Kodaira 
]|377|| with the help of the operator product expansion near the light-cone using an off-shell 
factorization scheme with all external lines kept off-shell (p 2 < 0) and assuming massless quarks 
and gluons. They have been confirmed and substantially reinterpreted in the framework of the 
QCD based parton model in recent years j|7|, |216j , |142| , 43]. The upshot of the result in the 
off-shell scheme is that Eq. (|5.4[) goes over to 



r p,n 
1 1 



{Q 2 



l l 

± — A 3 H At 

12 36 



7T / 9 



a s {Q 2 



7T 



2/ 
1 - — 

A) 



(5.23) 



where A = A (Q 2 ) 1 - % and MQ 2 ) is given by ( ggp for / = 3 light quark flavors. 

This result fixes the effect of the quarks and gluons and incorporates all scaling violations up to 

next-to-leading order. Remember that all the AQ in AS are Q 2 independent quantities due to 
Eq. ( P^ . 
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Figure 20: The 2-loop triangle diagram which contributes to the singlet A7, 



(i) 

qq ■ 



Several remarks are in order: the decomposition of Aq(Q 2 ) into a quark and a gluon contri- 
bution, Eq. (5.22), was not known to Kodaira |377j ] because he worked in the framework of the 
OPE where the basic objects, and in particular the singlet part Aq(Q 2 ), are matrix elements. 
The decomposition becomes only apparent in the QCD parton model where the gluon term is 
induced by the photon-gluon fusion process in Fig. [17]. The coefficient / = 3 of Ag in Eq. Q5.22 ) 
is the number of light quarks because heavy quarks (with masses much larger than Aqcd) can 
be shown to yield a vanishing first moment contribution 



321] , 397 , 281 ]. This is a consequence 
of the matrix element calculation which will be discussed in Sect. 5.3. 
The factors 1 - in Ec l- (EH) 

arise from the Wilson coefficient of the quarks, both for 
the nonsinglet and singlet contribution. The fact that AS and Ag appear in a factorized form 
in Eq. (5.22) has to do with the fact that for the singlet there is only one operator. Thus the 
expansion of the RG exponent is formally the same as for the nonsinglet case in ( |4.8C| ) or ( |4.83[ ) 



which contributes 



A7« 



MT ~~ ~Tt~ §0 * n OPE scheme used by Kodaira [377], using A 7,^ = 0. 
Since this 2-loop term ~ ^ in Eq. ( [5.23 ) has been explicitly factored out from the (fermionic) 
singlet matrix element, according to Kodaira's original calculation [377], the Aq in Eq. ( |5.23 ) 
[but not Aq(Q 2 )] is Q 2 -independent in this specific way of writing. The Aq in Eq. ( 5.23j ) should 
in fact depend on the renormalization (input) scale /i. This dependence has been suppressed 
here but will be made explicit later [cf. Eq. ( |5.53 )]. Note that the term ~ ^ does not arise in 
the nonsinglet part in (|5.23j ), but is inherently a singlet contribution and a two- loop effect of 
the triangle anomaly (Fig. |20| ). 

It is evident from the above results and discussions that the representation Eq. ( 5.22| ) of 
Aq(Q 2 ) in terms of AS and Ag depends on the regularization scheme, despite the fact that 
the remaining Q 2 -dependent corrections in Eq. ( 5.23 ) are scheme independent. The appearance 
of the gluon in ( |5.22j ), with the — ^ coefficient as calculated directly from the photon-gluon 
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fusion diagram in Fig. |17| using an off-shell regularization, could account for the reduction of the 
singlet contribution to T\{Q 2 ) [47, 216, 142] required by experiment as discussed in particular 
after Eq. ( |5.15| ). For example, the recent experimental average result for T\ in fl3.9| ) at Q 2 = 5 
to 10 GeV 2 implies, using Eq. (|5.21| ) together with ( j?Tg| ) and (^9|) for A 3<8 , 



A (Q 2 ) = AS ofr 



Z7T 



0.27 ±0.13 



(5.24) 



at Q 2 = 5 to 10 GeV 2 . Q Making the extreme and equally naive assumption that As = As = 
and disregarding any effects due to flavor SU (3) / breaking, one obtains a large AS = A$ + 
3(As + As) = A$ = 0.579 ± 0.025 according to Eqs. (^) and ( |5.9| ). If one wants to keep a large 
and conserved AS ~ 0.6 and at the same time reduce the Ellis- Jaffe prediction ( 5.1 5| ) to the 
experimental measurement in Eq. (|3.9| ), a value 

(5.25) 



Ag{Q 2 = 10 GeV 2 ) = 3.4 ± 1.5 



is required by Eq. ( 5.24 ). This number is obtained with the NLO a s (WGeV )/vr = 0.061 for 



= 0.2 GeV. Realistically, however, there is no reason for a vanishing total helicity of 
strange quarks and one expects a combination of both effects (Ag ^ and As = As ^ 0), 
probably with additional flavor SU(3)f breaking effects, to account for the required singlet 
suppression in Eq. ( 5.24| ). As we shall see in the next chapter, present data are far too scarce for 
distinguishing or confirming the various scenarios. Before turning to a discussion of more detailed 
(x, Q 2 ) dependent analyses of present experiments, let us concentrate on a few theoretical aspects 
concerning the total helicities (first moments) of quarks and gluons for the remainder of this 
chapter. 

As already mentioned above, it is a matter of theoretical convention to interpret AS as 
the actual total helicity of the singlet quark densities or effectively the entire singlet expression 
(PI) 

MQ 2 " 



AS(Q 2 ) = AS 



off 



2tt 



-Ag(Q' 



(5.26) 



which, in contrast to AS g, is Q 2 -dependent and effectively has to be interpreted as the singlet 



contribution entering the MS result ( 5.18| ). The real question then arises is which AS enters, 
for example, Eq. ( |1.1| ). Intuitive arguments have been forwarded [39, 4C, |164| , [43j in favor of the 
conserved (^-independent AS D ff in Eq. ( [5.26D : in this case the flavor singlet quark contribution 
can be kept sizeable, AS g = A& ~ 0.6 (still assuming As = As = 0), as compared to the 
(constituent) SU(6) prediction in ( |5.16j ), 



AS nff ~ 0.6 ~ AS 5C/ ( 6 ) = 1 



7 For consistency note that ( |5.24| ) implies, via Eq. (5.21), for the neutron r™ (Q 2 ) = 
with the neutron measurements in Table 2. 



(5.27) 

— 0.055±0.014 in agreement 
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in complete analogy to the flavor nonsinglet sector where, using Eqs. Q5.8| ), Q5.9| ) and ( |5.12| ), 

A 3 ~ 1.26 ~ A% m = f, A 8 ~ 0.58 ~ A$ U ^ = 1 . (5.28) 



In both cases there are only 30-40% reductions from the SU (6) expectations which are attributed 
to helicity non-conservation induced at low energy scales by finite quark mass effects which 
break chirality and thus the symmetry in the non-perturbative region which creates a difference 



in the initial values for the perturbative QCD evolution [39, 40]. Note that only for conserved 
quantities one expects, in the absence of chirality breaking effects, constituent and parton results 
to coincide. Furthermore the choice of a Q 2 -independent AE g- fulfills the requirement of an 
extended Adler sum rule. The usual Adler sum rule |2(| says that the number of quarks of 
a certain flavor inside the nucleon is conserved, i.e. Q 2 -independent, to any order in a s . The 
extended Adler sum rule extends this to the conservation of the number of quarks of a certain 
helicity. Unfortunately, our present ignorance of all moments of 2-loop splitting functions 5P^ n , 

or equivalently of SPjp (x), calculated in the off-shell scheme prevents us from a detailed (x, Q 2 ) 
dependent analysis of present data, in contrast to the MS regularization/factorization scheme 
where such an analysis has been performed. In the MS scheme one is confronted with a less 
plausible large difference between the singlet sector 

A£(Q 2 ) = A (Q 2 ) ~ 0.3 « A S U{6) = 1 , (5.29) 



at Q 2 = 5 to 10 GeV 2 according to (|5.24[) , and the nonsinglet quantities in (|5.28[) 



5.2 The First Moment and the Anomaly 

In the OPE approach the possible decomposition Eq. ( |5.22j ) into quark and gluon was not realized 
because the fundamental quantities of the OPE are not parton desities but matrix elements of 
certain operators between proton states. {PS\qj^'j5q\PS) are the matrix elements relevant for 
the total helicities, i.e. for the first moment of g\ |482f| . More precisely, in the framework of the 
operator product expansion one obtains the result Eq. ( |5.23|) with Aq,A^ and Ag defined by 

A 3 S^ = {PS\i> W \zi>\PS) (5.30) 

A 8 S„ = V3{PS$ W \ 8 tP\PS) (5.31) 

AoS^ = (PS\ihwl>\PS) (5.32) 

where tp = (u, d, s) T and A a are the Gell-Mann matrices, a = 1, . . . , 8. Longitudinal polarization 
S a ~ P a of the proton is assumed throughout this section. In the naive quark parton model 
one has the identity 

(Aq + Aq)S^ na ^ e (PS\q W q\PS) (5.33) 
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k= p + q 



Figure 21: Triangle anomaly diagram giving rise to Eqs. ( 5.34] ) and ( |5,40| ). 



between the first moments Aq + Aq (q=u,d,s) and the matrix elements. However, one should 
note that = "07^75^ which appears in Eq. ( |5.32D is the axial vector singlet current which is 
not conserved, 



O^j 5 / 0, but is 



anomalous' in the sense of Adler pTl] and Bell/Jackiw |9 



(5.34) 



The appearance of the gluon field strength G afiu in this equation is the reason why Eqs. (|5.22|) and 
( [5.32| ) are not in contradiction and instead of Eq. ( |5.33|) one has (in the particular factorization 
scheme called the off-shell scheme) 



a 



(Aq + Aq- ^9)S» = (PS\q lfll5 q\PS). 



(5.35) 



The anomaly enters in one-loop order through the diagram Fig. 21, which, in the gluon off-shell 



scheme, determines the (Wilson) coefficient - j of 2|^Ag,and in two-loop order through the 
diagram Fig. ^ from which Kodaira [377] has obtained his anomalous dimension. 

Aq + Aq and — ^Ag appear with the same coefficient in Eq. ( 5.35| ) because there is only one 
operator for the first moment singlet contribution. For the gluon there is no direct operator, but 
only a representation of Ag 

(PS\K^\PS) = -S^Ag (5.36) 



in terms of the gauge dependent current 



1 



.pupa 



pa 



— f , A b A c 

2 J aoc-^p-^o 



(5.37) 
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whose divergence is 

= \^G%Gl v (5.38) 



-,-5 fOL s 



(so that j*j — f^K^ is conserved). 

An explicit computation by Forte |247|] of (PS\^K^\PS) in ( |Q6|) has revealed that 2^ Ac/ 



f^Ac/ + f2 where Ac/ corresponds to the gauge invariant hard piece of the anomaly which may 
be identified with the usual perturbative partonic definition used thus far; the remaining gauge 
variant Chern-Simons (instantonic) piece f2 is the soft non-perturbative contribution to the 
triangle anomaly which does not correspond to a hard (large-fcr) subprocess and thus should 
be absorbed into the definition of the conserved total quark polarisation, i.e. AY, ff — f^Ag = 
(AT^off — fQ) — fr^Ag' = AS' — fr^-Ag 1 . This leaves us formally with our original expression 
( |5.26p with both terms being now separately gauge invariant. The term —fQ, may be interpreted 



as an additional sea polarization induced by instantonic effects. A first attempt [418] to evaluate 
(PS\t^K^\PS) on a (small) lattice yielded the bound 3|^Ast' + Q\ < 0.05. This surprisingly 
small result can obviously not be used to extract some information about Ag' . 



It should be noted that Eq. ( 5.35| ) is really a representation of (chiral invariant) massless 



QCD. If fermion masses are introduced, the anomaly Eq. ( 5.34 ) is modified according to 

= 2vfasM1> + L^-e^G a ap G% (5.39) 

where M=diag(m u , m^, m s ) is the fermion mass matrix. The mass term in this equation is able 
to conceal the effect of the anomalous term under certain circumstances. To examine this effect, 
we write down the anomaly equation Eq. ( |5.39| ) in momentum space for the case of one fermion 
with mass m 

(p + q) a K»(p, q) = 2mT^(p, q) - ^ e ^p a q p . (5.40) 

7T 

Here Ta U (p, q) is the triangle diagram (c.f. Fig. |2l| ) and 

r^(p,q) = m^ a P Pa qp [ dx [ . ,„ . (5.41) 



7T a Jo Jo m 2 - {p + q) 2 xy' 

the contribution from the mass term. If (p + q) 2 < m 2 , the two terms on the right hand side of 
Eq. ( |5.40D (i.e. the anomalous contribution and the mass contribution) cancel each other, up to 
terms of order ^ $ , so that the anomaly is concealed. 

A similar effect occurs in Eq. ( |5.35| ) if one includes the quark mass. Namely,the anomalous 
gluon term ~ Ag disappears and one formally recovers the naive Eq. ( |5.33 ), Thus the contribu- 



tion to g\ from the anomaly is hidden in the massive theory (as well as in the MS subtraction 
scheme). This result will be derived in detail in the next section. 

The anomaly induces a pointlike interaction between the axial-vector current and the gluons 
because the amplitude T a ^(p, q) does not depend on the momentum transfer p — q when m = 0. 
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Furthermore it is known, that the anomaly is not affected by higher order corrections p^] and it 



has been argued [32£] that this is true even beyond perturbation theory. This leads us to believe 
that the identification Eq. ( |5.35| ) remains true in higher orders, at least in suitable chirality 
preserving schemes like the gluon off-shell scheme. 

5.3 Detailed Derivation of the Gluon Contribution 

The most straightforward way to derive the gluon contribution is the QCD parton model. In 
the following we shall only consider the flavor singlet piece of g\ because the gluon contributes 
only to the singlet. In the QCD parton model the evolution of the first moments of the polarized 
quark and gluon density is given by 



d /A£\ _ ( a s {t)\ 2 ( AP$ Ap|? \/A£\ 3 



91 99 4 



This is an extension of Eq. (|5.2| ) to second order in a s , in which the 2-loop contribution /?i to 
the P function arises, cf. Eq. ( f4.50| ), because instead of Ag we have introduced the product 
Ar = ^^-Ag (see the discussion in Sect. 5.1). In Eq. ( 5.42j) we have used quantities AP^y 
which are the first moments of SPjp defined in Eq. ( |4.52| ) 

AP l3 = J X dx5P l3 (x) = APf + ^AP« + (g) 2 APf + 0{al) . (5.43) 

They are related to the corresponding anomalous dimensions by the usual factors of — j and — | 
in the 1- and 2-loop case (see footnote [j]) . 

As is well known, for a complete discussion of first order effects the knowledge of second 
order (k = 1) anomalous dimensions is mandatory. These second order (2-loop) anomalous 
dimensions depend on the calculational (i.e. regularization) scheme. For example, it is not true 
in general that APqq = APqg = 0. However, some specific (chirality preserving) schemes have 
this property, so that AS is constant in Q 2 and the generalized Adler sum rule holds. Note 



furthermore that in deriving the evolution equation Eq. ( |5.42 ) we have used AP^ = 0: AP^ 



19 



has to vanish on general grounds in any scheme [|47| , 371 ] , since the gauge invariant axial current 
is multiplicatively renormalizable and therefore cannot mix with the gauge dependent current 
Kf, in Eq. (fT37|). 



In the QCD parton model it is well known how to calculate the contribution of Ag to 
T^s = Jq 1 dxgi^s- Namely, one just has to calculate the diagrams in Fig. 17b and take the first 
moment. We call the amplitude squared corresponding to these diagrams 0,^ vpa . It has four 
indices, fj,, v for the photon , and p, a for the gluon. To get the contribution proportional to Ag 
in Eqs. ( |5 . 2 2|) and ( [5.23 ) one has to contract it with e^^Paqp x e^^p^qs because e paiS p~ f qs 
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is proportional to the difference of products of gluon polarization tensors £p + £* + — * of 
gluons with positive and negative helicity. This one can see, for example, in the Breit frame where 
p = £^(1,0,0, 1) is the gluon momentum and q = (0,0,0, — Q). In this frame the polarization 
tensors are e± = ^=(0, 1, ±i, 0). 

To calculate the diagrams or, more precisely, the coefficient of the Ar contribution to T\ s 
it is more appropriate to go to the c.m.s. of the photon and gluon in which 

q = (go,0,0,-pi) 

P = (po,0,0,pi) 

k = (k o ,O,kisia.0,kicos0) 

p' = ( P ' ,0,-kism6,-k lC os6) (5.44) 

where 



pi-Q, po = \Jpi- p, Pi = y > h=p = ko = — . 

(5.45) 

Note that s = (p + q) 2 and the fraction of momentum of the gluon which is carried by the 



intermediate quark in Fig. |17| b is given by z = s +q$ ■ This is the quantity with respect to which 



the first moment has to be taken. A phase space integration over the production angle 6 is also 
necessary. 

In Eq. ( |5.45| ) a gluon off-shellness P 2 = —p 2 has been introduced. It is needed for regular- 
ization purposes because although the final result turns out to be finite, singular expressions 
arise in intermediate steps of the calculation (from the collinear region 9 — ► 0). In the off-shell 
sheme (P 2 ^ 0) the coefficient of Ar in Eq. (|5,22j ) turns out to be 

11 l 
/ J dz(l-2z) J dcOS ^(2-i-i + P 2 ^(l+i)] =// d.(2,-l)ln^^ = -/+0(P 
-l o 

(5.46) 



2\ 





where 



2 



u = -{P-P'f-^ ~ ^(1 + cos^) + P 2 ^ 
t = ~(k- P) 2 -^ « \il ~ cosO) + P 2 ^ (5.47) 

and / = 3 is the number of light quarks. In Eq. fl5.46| ) terms like ^— or ^- which do not 
contribute in the limit P 2 — > have been left out. However, the terms ~ ^ and ~ are 
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important. After integration over 6 a term ~ AP qg lnP 2 arises which drops out because the 
first moment of SPqg = \(2z — 1) vanishes. There is an overall factor of / because each quark 
flavor can be produced. 

Instead of P 2 a quark mass m may be introduced to regulate the collinear singularity ('on— 
shell scheme'). This is the more appropriate procedure for heavy quarks (c and b) but less useful 
for the light quarks (u,d and s). In that scheme one has instead of Eq. ( 5.45[ ) 



qo 



Pi-Q 2 , P 2 a=pi = ^-, k =p' = ^, h = ^Vl-4mV«- (5-48) 



The coefficient of Ar is now 
l l 



dz I dcos6 I -(2z-l)[ -+ ' 



-1 
,2 



1 — f3 cos 9 1 + (3 cos 



+ - ( n a \„nv + n ■ L^ a ) ) = 0(m 2 ) (5.49) 



2m 2 {l - z) ( 1 1 

(1 -/3cos#) 2 + (l + /3cos i 



where (3 = y 1 — ^p-. This time the effect of the double pole term in Eq. (|5.49| ) ~ is such 
that there is no gluon contribution (for small quark masses m — > 0). 

If used for the light quarks, Eq. ( 5.49j ) seems to be in contradiction with Eq. ( 5.18| ) because 



they seem to imply, at some conveniently chosen input scale Q 2 = /j, 2 , two different relations 
between the axial vector singlet current matrix element and AS and Ar namely 

a ( 2\ _ / AE on (/x 2 ) on-shell scheme , , 

Ao[ V > ~ \ AE 0// - /Ar( / u 2 ) off-shell scheme ' 

AT is scale independent in first order but picks up a scale dependence in higher orders. It is well 
known, for example, from the calculation of QCD corrections to unpolarized structure functions 
, that different regularization schemes can lead to different results. Usually this is interpreted in 
such a way that the use of different regularization schemes corresponds to different definitions 
of the quark density. In our case this means that one has to deal with two different AE's which 
are denoted by AE on and AS Q jj in Eq. ( 5.50| ). Going from the second to the first relation in 



Eq. ( |5,50| ) means that one absorbs the gluon contribution into a redefinition of AT, Q ff. The 
obtained result, AS on , corresponds to the one in the conventional MS scheme in Eq. (5.18) 



where AT(n ) does not explicitly occur due to AC g = in Eq. ( 4.92 ). Although in principle 
it is a mere matter of convention to choose a particular factorization scheme the use of the 
off-shell scheme (where a potentially large gluon contribution exists) has the advantage that 
AY> ff is conserved, i.e. scale independent, as will be shown below. This way the Adler sum 



rule [26] is extended to higher orders of polarized scattering. Furthermore, for the case of the 
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light quarks (u, d, s with m < Aqcd) the massless scheme might be more physical because it 



could be related to the notion of constituent quarks 465] . To really understand why the 
two definitions in Eq. ( |5.50| ) do not contradict each other, one must write down the full result 
for the first moment of the singlet component of g± in Eq. (|4.6| ), J dxg±,s, in both schemes and 
compare it with Kodaira's original result, cf. Eq. ( |5,23| ) [|377|| . In order to do this it should be 
noted that dxg\ t s is a physical observable and therefore the prediction for it must be scheme 
independent. The physical prediction is always a product of coefficient functions, anomalous 
dimensions and the parton densities/matrix elements, i.e. 

l 

J dxg hS (x,Q 2 ) = \c off {Q)E off {Q^) (^)) ( 5 " 51 ) 
o 

= \c on {Q)E on {Q^) ( A ^ r (^ } ) ( 5 - 52 ) 

= ^C , Kodaira(Q)-E , Kodaira(Q,/")-4o(A t ) (5.53) 

y 

in the three schemes to be compared, with 

^Kodaira = 1 + ^^-(~C F ) (5.54) 

and 

E Kod ^ = l + as ^- as{Q \ - 3 -C F f) (5.55) 



are taken from the work of Kodaira [377] which was done with massless quarks and off-shell 



gluons. For simplicity we work below the charm threshold so that / = 3. Furthermore |4 

C off = (1,-f) + ^M(A CF ,cr off ) (5.56) 

E off = l + —o I 3 r= , * p (l ft • ( 5 - 57 ) 

Here cr off is a second order correction to the first order gluon photon-fusion process (Fig. |l7]b). 
Eq. (5.50) and the entry — §Cp in Eq. fl5.56| ) give rise to the QCD correction factor 1 — in 



the coefficient of Aq in Eq. ( 5.23| ). Both cr off and ^Pggoff can be determined by comparison 



(P3), which yields @ AP 



with Kodaira's result, Eqs. ( 5.54] ) and ( 5.55| ), i.e. by the consistency requirement Eqs. ( |5.51| ) 



99,o .! I 



^ = -fAP$ = -2f. The form of the matrix in Eq. (|5~57|) 



is quite remarkable, in particular the vanishing of the entries in the first row. According to 
Eq. ( |5.42| ) this corresponds to 
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and 



AP 



(2) 



19,off 



0. 



(5.59) 



Note that the vanishing of APqq and AF 9 j' is explicit from Eq. ( 4.26 ) and the vanishing of 



,(0) 



AP$ has been proven by gj. In the entry AP K g L g ' off - ^ was called 7^. Eqs. flOg ) and 



,(i) 



.,(2) 



( |5.59|) go a step further, saying that in a suitable chirality conserving regularisation scheme, AS 
is a conserved (i.e. Q 2 -independent) quantity beyond the leading order, in fact to any order. It 
is well known that in massless perturbative QCD the chiral symmetry is unbroken to any order. 

show that the off-shell scheme realizes this fact in the most intuitive way 



Eqs. ( jyjp and (&M 

by forbidding chirality flip interactions to any order of perturbation theory. As we shall see in 
the following this fact is also intimately related to the reasonable treatment of the AB J anomaly 
in the off-shell scheme. The anomaly term — / in C a ff, Eq. ( |5.56| ), will be shown to correspond 
- via the consistency requirement Eqs. ( |5.51| )-( [5,53| ) - to a conserved AS and vice versa. 

Eqs. ( |5.58|) and ( |5.5S| ) can be derived, for example, from the consistency requirement Eqs. ( |5.51| )- 
dUp . To see that let us evaluate the products C ffE ff(AE fj, Ar) T and CKodairaEKodairaAo 
appearing in Eqs. ( 5.51 ) and ( 5.53| ): 

^ 3^_q s (^) t a t (p) 
-/APW + \C F ^)) AS o// (M) + (-/ + cr D// ^ 



C o// (Q)i? o// (Q,/,)( A f^ ) 



ir(3 



y 99,0// 



2tt 



+ - 



7T/3 



Q9,°ff 



99 



T } - Cr ^f ] ) Ar V) + °(«') ( 5 - 6 °) 



CKodaira{Q)EKodaira(Q, aOA)(aO 



3 C ggQf) 
2 F 2vr 



«s(/-0 



0,( ^(-§o,/ + |o4)) 



7T/?o 

x[AS o// (/x) 



By comparison one obtains (among other things) 



AP. 



(i) 



gq,off 



,(0) 



/AT( M )] + 0(^X5.61) 



(5.62) 



§CV, the right hand side of 



Because of the unambiguously determined leading order AP gq — ^ 
( |5.62p (=Kodaira's anomalous dimension) is saturated by the second term on the left hand side, 
so that one arrives at Eq. ( 5.58[) . Thus AS Q jj(/x) is scale independent, i.e. conserved. 

Until now we have discussed only the scheme dependence of the coefficient of Ag in Eq. (5.22). 
It turns out that other quantities differ in the on-shell scheme from their corresponding coun- 
terparts in the off-shell scheme as well. Therefore, we make a general ansatz 



C on (Q) = (1,0) + ^l(C Son ,cr on ) 



(5.63) 
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a s (ji) - a s (Q) ( AP$ on AP$ Q . 

_£i j 

i 4 / 

>(0) _ 3, 



for the coefficients and anomalous dimensions in the on-shell scheme. The entry AP<j q = |Ci? 
in the anomalous dimension matrix is scheme independent. Due to the consistency requirement 
Eqs. ( 5.51 ) — (|5.53| ) for the physical observable there must be a transformation matrix 



M(Q)=( 1+aS ff mn (5.65) 

such that 

Con(Q) = C off {Q)M- l (Q) (5.66) 

E m (Q,ii) = M(Q)E ff(Q,/jL)M~ 1 (iJ l ) (5.67) 

(^>)="oo(W)- <**> 

AT is not redefined at the order at which we are working; ergo the two entries and 1 in the 
second row of M(Q). Eqs. ((5.66|) -( |5.68 ) can be used to calculate mn as well as the complete set 



of quantities in C on and E on . One simply has to work out the matrix expressions in Eqs. (gg| ) 
(|5.68|) . Equivalently, these quantities can be derived by using the transformations Eqs. J4.68|) 
and ( [4.69|) of Sect. 4.2 for n=l (with the transition from Ag to Ar to be carried out). Here 
we do not want to bother with all the details of the transition to the on-shell scheme, but 
concentrate on one particular aspect, the non-conservation of AY, on (n) which becomes explicit 
in the result |5| 

AP£} on = ~C F f (5.69) 

which makes clear that AE m (/i) is not a conserved but a scale dependent quantity (in contrast 
to AY> ff). This result follows from the consistency requirement Eq. ( 5.67| ) (by comparison 



with the off-shell scheme) but also from the consistency requirement Eqs. ( |5.52| ) and ( 5.53| ) (by 



comparison with Kodaira's result), in a similar fashion as ApJ]' = was derived in Eq. ( |5.58 ) 



All of the above considerations where carried out in a decent but rather abstract way by 
imposing the condition of the scheme independence of a physical observable. An explicit check of 
the truthfulness of the whole approach was made in reference |3j|] where the relation ( |5.69| ) was 
reproven by an explicit two-loop calculation in the on-shell scheme (massive quarks). The main 



point was to show that the diagrams in Fig. |22j give rise to a nonvanishing anomalous dimension 
when calculated in the scheme with massive quarks, and a vanishing anomalous dimension in 
the off-shell scheme. More precisely, the matrix element corresponding to Fig. ^ is of the form 

Q2 

ME(Fig.22) = AP^ )ND In + const. (5.70) 
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+ crossed 




Figure 22: DIS process involving non diagonal transitions between quarks of different flavors. 



after integration over the appropriate phase space Here ND denotes "non-diagonal" tran- 
sitions between quarks of different flavors q and q' (cf. Fig. 22). It was shown in [43] that 



Aj££« = -IC F f for any masses m and m' of the quarks q and q', whereas in the off-shell 
scheme AP^f f f 



0. In other words, the change in AP™^ when going from the off-shell to 
the on-shell scheme is entirely due to non-diagonal flavor transitions. In this way a completely 
consistent picture arises, in which results of the off-shell scheme can be transformed to any other 



scheme and vice versa. Note that diagram Fig. 22 can be obtained from Fig. 20 by cutting. 



Most important among the other schemes is of course the MS scheme, because the two- 



loop anomalous dimensions are now known for all moments [436, 513]. The results for the first 
moment were already given in Sect. 4.3. Here we recollect them for the convenience of the 
reader. One has, according to Eqs. (4.91)-( fj.94| ) (see footnote |]) 



Cms(Q) = (1.0) + 



a s (Q) t 
2vr ' 



3 n 



(5.71) 



Ems ' 



1 + 



ajj£) - a s {Q) 
ir(3 



C F f 



3 
2 



AP 



(i) 



gg,MS 



where cr- 



§1 
4 

,(1) 



= iCW, which will contribute only in NNLO at and AP K± '— - 

- ms 2 r J ' J s gg.MS 

obtained from consistency by comparison with Kodaira's result, namely from 



1 



(5.72) 



can be also 



dxgf(x, Q 2 



(M) 
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CKodaira(Q)-E , Kodaira(<5, M)A)(aO 



(5.73) 



in agreement with the results in Eq. (5.19). It should be noted that the entry in Eq. J5.71 ) 
corresponds to a vanishing AC g in Eq. ( 4.62 ) or ( 4.85| ), i.e. to the fact that Ag decouples from 
r^'^ in the MS scheme, as well as in the on-shell scheme according to Eq. ( |5.63 ), 

It is now instructive, after these many technical details, to summarize the NLO evolution 
equations for the first moments of the flavor singlet quantities in the different schemes. In the 



MS and on-shell schemes we have 
d 



dt 

d 
Jt 



mQ 2 )MS,on 



a s {Q 



2 _ , (-2/)AS(Q 2 ) mon 



a s {Q 



2k i 2 ^(Q 2 )lTS,on 



with the singlet contribution Aq to T^' n being given by Aq(Q 2 ) = AY,(Q 2 )jjg on 
scheme we have obtained 



|as(q 2 ) 0// = 



dt 



Ar(g 2 ) 0// 



a s (Q 2 
2vr 



[2AS o// -2/Ar(Q 2 ) o// ] 



(5.74) 
(5.75) 
. In the off-shell 
(5.76) 

(5.77) 



with the singlet contribution now being given by Aq(Q 2 ) = AT, Q ff — f AT(Q 2 ) f f as was already 
anticipated in Eq. ( 5.50 ). Due to the Q 2 -independence of AS D jj, Eq. ( |5.76D , these latter two 
RG equations can be combined into one simple evolution equation for the singlet combination 
A : 



d_ 

dt 



^[AE-/Ar(Q 2 )] o// 



a s (Q 2 
2ir 



(-2/)[AS-/Ar(Q 2 )] o// 



Recalling 



(5.78) 



(5.79) 



the solutions of the above RG equations are straightforward. In the MS and in the on-shell 
scheme, Eqs. ( 5.74 ) and ( 5.75| ) give 



^(Q 2 )MS,on 



AlV 



2/ a s (fi 2 ) - a s (Q 2 
2f <a s (^ 2 ) - a s (Q 2 ] 



+ 0(a 2 ) AS( M 2 )^, 



'MS, on 



IT 



I MS, on 

+ 0(a 2 )]AS(^ 2 ) mon 



(5.80) 
(5.81) 
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with an appropriately chosen input scale Qq 
Eqs. d7| )-(|]7|) give 



/i 2 and (3 = 11 



V 

3 • 



Ar(Q 2 ) o// 



AS(Q^) o// = AE(^) 0// 



2/ a s (/, 2 )-a s (Q 2 ) 



AS 



ft 



7T 



+ 0(af) Ar(/i 2 ) o// + 



const. 
2 a s Gu 2 



A) 



In the off-shell scheme, 
(5.82) 
-AS . (5.83) 



a s (Q 2 



7T 



As an illustrative application of these results, let us estimate dynamically Ag(Q 2 ) in the off- 



shell scheme according to Eq. ( |5.83D [276, 392, 277]. The necessary input at Q 



i.e. 



the boundary condition, can be deduced from the unpolarized valence-like gluon and sea input 



densities (i.e. xg(x,^L 2 ] 
n=l moments g(fJ- 2 ) 
and s{u 2 ) ~ at /z 2 p 



x a (l 



with a > 0, etc.) which are thus integrable, i.e. their 



L g(x, [i 2 )dx etc. exist (only) at 

t o.3 Gev 2 m, m, " 



/x with the result 



1 

This allows for a parameter-free as well 
as perturbatively stable calculation of structure functions in the small-x region (x < 1(T 2 , at 
Q 2 > fi 2 ) which is entirely based on QCD dynamics and agrees with all present measurements 
obtained at DESY-HERA [)289[| . Thus, the positivity constraints ( [4.11 ) imply 



\Ag^ 2 )\<g(u 2 



1 



|A S (/x 2 )|< S (/x 2 )«0. 



Using therefore AS « ^4g, with A$ being given in (|5.9| ), Eq. (|5.83 ) yields [ 277 | 



2.6 < A 5 (Q 2 ) o// <3.9 



(5.84) 



(5.85) 



for Q 2 = 10 GeV 2 , which is compatible with Eq. ( |5.25| ), Here we have used @q = 9 for / = 3 
light quark flavors and '- = 0.108 and as ( 10 ^ eV I = 0.0304 in NLO. It is also interesting to 
note that on rather general heuristic grounds based on the intrinsic bound-state dynamics of 
the nucleon, counting rules, consistency constraints for =p and ^ as x — ► 1 and x — ► 0, etc., one 
expects [129] the total gluon helicity to be sizeable, Ag ~ 1.2. Note, however, that the scale \x 



remains undetermined in such considerations, in contrast to the RG based result in Eq. (5.85) 



In the MS as well as in the on-shell scheme where the full first moment Ag decouples from 
Aq(Q 2 ) and AS(Q 2 ) is not conserved, cf. Eq. ( 5.80Q , the experimentally required suppression of 
As in Eq. fl5.7j), as required by the constraint (5.24), can be achieved either by As = As < or 
by Au « Ad < in a £77(3) / broken scenario. A detailed (x, Q 2 ) dependent analysis of present 
polarization data will be presented in Sect. 6. Despite the fact that Ag decouples from Aq, the 
polarized gluon density 5g(x,Q 2 ) will in future play an important part in analyzing presently 
available data for x > 5 x 10 -3 which give rise to a sizeable Ag as well. 

As already mentioned in Sect. 3.4 and to be discussed in more detail in Sect. 6, the best 
information on 5g(x,Q 2 ) will come from heavy quark production in polarized ep via 7*5 — ► cc 
(with no light quark contribution present in LO), or in polarized pp collisions at the RHIC 
facility via the dominant gg — * cc subprocess; in the latter case also the production of direct 
photons should offer a good possibility to extract information about the magnitude of Ag(Q 2 ). 
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Alternatively, 6g(x, Q 2 ) could be determined from the Q 2 -dependence of g± if HERA is run with 
a polarized proton beam. 



5.4 The Bjorken Sum Rule 

Sum rules are relations for moments of the structure functions. The most important and funda- 
mental sum rule for polarized scattering is the Bjorken sum rule which was derived in 1966 from 



SU(6)®SU(6) current algebra [105]. It describes a relationship between spin dependent DIS and 



the weak coupling constant defined in neutron /3-decay 

l 

/ dx[gl{x,Q 2 ) - 9l (x,Q 2 )] = (5.86) 

J §gv 



where gA and gv are the vector and axial vector couplings measured in nuclear /3-decay 

£ /3-decay = cos ^[P7/x(l - ^l5)n][e^{l - ^)v] . (5.87) 

Here 9 C is the Cabibbo angle and ^ = 1.2573 ± 0.0028 in Eq. ( |5.8j ) is known to high precision. 

It is not difficult to prove the Bjorken sum rule with the help of the knowledge which was 
collected in Sect. 5.1. Qualitativelyit arises as follows: ^ gives the strength at which the 
axialvector transformation from up to down quark in the proton takes place. In DIS this is 
measured by A(u + u) — A(d + d). Indeed, from Eqs. ( |5.5| ), ( |5.30 ) and ( 5.87] ) one sees that one 
simply has to show 

p {PS\^ ltll M\PS) p = ^ . (5.88) 

gv 

One can use the isospin symmetry to apply the Wigner-Eckhart theorem 

p (PS\^ 5 \ 3 iP\PS) p = p (PS\^ 5 X + tP\PS) n (5.89) 
where \} p and |) n denote the proton and neutron states. From Eq. ( |5.89D one gets 

p (PS\u W d\PS) n = (5.90) 

gv 

which completes the proof of the Bjorken sum rule. 

This sum rule is so very fundamental because it relies only on isospin invariance, i.e. on 
a SU(2)f symmetry between up- and down-quarks, cf. Eq. ( 5.89| ). The Bjorken sum rule is 



an asymptotic result which relates low- and high-Q 2 quantities. This originates from the fact 
that, apart from finite_0(a s ) corrections, the l.h.s. of Eq. (|1||) T\(Q 2 ) - T^Q 2 ) = ±A 3 = 
g(Au + Au — Ad — Ad) is just the nonsinglet isospin-3 component in Eq. ( |5.4| ) which does not 



S3 



renormalize due to the vanishing of AP™'' and APltL in (|5,19|) . Thus it is generally believed 



(i) 



that the Bjorken sum rule gets only moderate QCD corrections. For example, the perturbative 
QCD corrections are given by the nonsinglet Wilson coefficient ACns m ( 5.2C| ) and known to 
be small. In addition, there are probably non-perturbative higher-twist (HT) corrections , so 
that instead of ( |5,86 ) we have in general 



Jo 



dx[gl{x,Q 2 )-gUx,Q 2 )] 



6g v Q z 



with p78|, p79|, H03] 



AC 



NS 



7T 



3.5833( 



a s {Q 2 



IT 



-f - 20.2153( 



7T 



(5.91) 



(5.92) 



cf. Eq. (|5.20 ). The latter result is obtained for / 



3 light flavors, and the range of cjjt has been 
, |366(|. For recent reviews, see 336, 424, 324] 



estimated to be c HT ~ -0.025 to +0.03 GeV 2 |74 
and references therein. Additional renormalon contributions to the perturbative 3-loop result in 
Eq. ( 5.92j ) have been studied as well but their size seems to be small in the relevant perturbative 
region, Q 2 > 1 GeV 2 . For a review, see [231 j and references therein. Disregarding the small 
non-perturbative contribution for Q 2 > 1 GeV 2 , the Bjorken sum rule (|5.91| ) is in reasonable 
agreement with experiments: According to Table 2, SLAC(E143) finds 



(Q 2 ) - T?(Q 2 ) = 0.164 ± 0.017 
at Q 2 = 3 GeV 2 , to be compared with the predicted [r.h.s. of ( |5~9l"l) l Tf(Q 2 



0.187 ± 0.002 at the same Q 2 , using 



(5.93) 
TUQ 2 ) = 

0.076 ± 0.010. The most recent CERN (SMC) result 



is 



r?(Q 2 ) - r?(Q 2 ) = 0.195 ± 0.029 



(5.94) 

at Q 2 = 10 GeV 2 , where the theoretical prediction is r^(Q 2 ) - T^(Q 2 ) = 0.193 ± 0.002, using 
— = 0.061 db 0.004. A more detailed comparison between theory and experiment can be found, 
for example, in [518, |232| , 41 1. 



Finally, it should be kept in mind that the original small EMC result for in Eq. ( |3.3[) im- 
plied already dramatic consequences for T" prior to the recent CERN and SLAC measurements 
of the neutron structure function g^, by assuming the validity of the 'safe' Bjorken sum rule: 
Using Eq. fl3.3j ) in ( 5.91| ) one anticipated 

r?(Q 2 « lOGeU 2 ) = -0.067 ± 0.018 (5.95) 

which, being in agreement with recent measurements in Table 2, is about ten(!) times larger than 
the naive pre-EMC Ellis-Jaffe expectation r™ EJ ~ —0.008 based on Eq. ( |5.15 ) in conjuction 
with the Bjorken sum rules. These predictions for can be translated into Bjorken-x space, 

<(x, Q 2 ) = fi(x, Q 2 ) - \{5u v (x, Q 2 ) - 5d v (x, Q 2 )] (5.96) 
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where 5q v = 5q — 5q. The small NLO contribution due to 5C q (x) in Eq. ( |4.47|) h as been 
suppressed. In order to reproduce the strongly negative x-integrated result Eq. (|5.95| ), it can 
be anticipated [280] from Eq. ( 5.96 ) that <?™(x, Q 2 ) has to become strongly negative for x < 0.1, 
in contrast to g™ E j which gives rise to an almost vanishing T™ EJ . It will become transparent 
from a detailed (x, Q 2 )-dependent analysis of all present data in Sect. 6, that such expectations 
have been confirmed by the more recent CERN(SMC) and SLAC measurements. 



5.5 The Drell— Hearn— Gerasimov Sum Rule 



The DHG sum rule [20£, [262| ] is a prediction for T\ at Q 2 = and can be considered as giving 
qualitative information on the magnitude of higher twist effects in the region between Q 2 = 
and the present high energy data. 

It relates the spin-dependent scattering cross section of circularly polarized real photons by 
longitudinally polarized nucleons N to the anomalous magnetic moment of the nucleon. If we 
define 

M 2 ' 



In(Q 2 ) = 2 



the statement of the DHG sum rule is 



Q 2 



g?(x,Q 2 )dx 



(5.97) 



Jjv(0) 



(5.98) 



where M is the mass of the nucleon and kn its anomalous magnetic moment, \i v = (1 + h p )^b 
and fi n = K n fiB- kjv is defined by the nucleon-photon coupling 



-f a {id a - e N A a ) 



a/3 



(5.99) 



with e p = +e and e n = and from experiment one has k v = 1.79 and K n = —1.91. 

The derivation of the DHG sum rule relies on the relation between g\ and the photoabsorp- 
tion cross sections, Eqs. ( 2.10[ ) and ( 2.14 ), and on the dispersion relation for forward Compton 
scattering. In fact, the spin-flip part of the forward Compton scattering amplitude is propor- 
tional to f^[<J±/2 — °3/2]i7 an d, at low Q 2 , is given by — ^jjr L K% which is usually referred to as 



the Low-theorem [414]. 

Figure |23| compares the result of the DIS data for I p (Q 2 ) and I n (Q 2 ), using the recent Q 2 - 
independent LO results = 0.146 and r™ = -0.064 f27|] in Eq. ( ^7| ), with the values at 
Q 2 = from the DHG sum rule. Since perturbative LO and NLO QCD is fully operative for 
Q 2 > 1 GeV 2 |279| , as will be discussed in more detail in the next section, the most striking 



feature of this figure is the necessity of a tremendous Q -dependence (variation) of and 



pp _ -pn - n \ ow -Q 2 region, Q 2 < 1 GeV 2 : In particular, must change sign between Q 2 







and Q 2 ~ 1 GeV 2 , and this must be due to some strong nonperturbative higher twist effect. 
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-0.91: 



. n (DHG value) 



Figure 23: DIS predictions for I p , n (Q 2 ) according to (|5~9?l ) using rf = 0.146 and r" = -0.064. 
These latter numbers are Q 2 -independent in LO [p79|| . The DHG values refer to ( 5.9S| ), 



A parametrization (but not an explanation) of this effect was suggested by [^(j] and later on 
improved by [ |135| , [49 1| . It turns out that such effects seem to be significantly larger than what 
one obtains on the basis of QCD sum rules. Most recent E143 measurements || at small Q 2 
confirm these expectations as well as the trend depicted in Fig. |23|. Reviews on this topic can 
be found in [336, |88|, for example. 

Experiments are being planned to test the sum rule directly [122, 238|. This is important 
because, among other things, there has been some criticism towards the argument that connects 
the spin structure function integral to the Q 2 = integral in Eqs. (|5.97 ) and ( 5.98 ) [357]. 



6 Polarized Parton Densities and Phenomenological Applica- 
tions 
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6.1 Deep Inelastic Polarized Lepton— Nucleon Scattering 

Nowadays sophisticated phenomenological models describing the spin structure functions in LO 
and NLO QCD are used to interpret the experimental data. Before we discuss these models, 
we want to give a short historical overview about some simpler (and by now mostly obsolete) 
models that were discussed in the literature in the past, the Kuti-Weisskopf model |394|1, the 



Carlitz-Kaur model |143j ] and the Cheng-Fischbach [153, 154] model. 

When discussing the first moment of g\ in Sect. 5.1 we have noted that in the SU(6) con- 
stituent picture the nucleon consists of three free quarks and its wavefunction is completely 
symmetric in spin and flavor indices. Squaring the SU(6) wave function one obtains the prob- 
abilites for an up or down quark with spin up or down and, from that, the SU(6) predictions 
T\ = g| and r™ = according to ( |5.17|) . This prediction is clearly wrong except in that the 
proton is expected to have a larger positive asymmetry than the neutron with a very small 
asymmetry. 

One of the first attempts to describe the nucleon in terms of a relativistic picture was the 



Kuti-Weisskopf model [394]. In this model the nucleon consists of three valence quarks described 
by the SU(6) wave function, allowing however for an x-dependent quark-density distribution, 
plus a core of an indefinite number of quark-antiquark pairs carrying vacuum quantum numbers 
and zero angular momentum. The model also postulated the existence of gluons carrying a 
fraction of the total momentum, the ratio of gluons to the quark-antiquark pairs being the only 
free parameter of the model. At low x the core dominates while at high x only the valence 
quarks contribute to the scattering. The functional form of g\ is given by 

for the proton while for the neutron it is identically zero. Assuming that the behavior of structure 
functions near x = 1 is related to the elastic form factor one obtains —1 + 7 + 2(1 — a(0)) = 



3. In their original work, Kuti and Weisskopf 394 1 considered a(0) ~ 0.5, as suggested by 
nondiffractive trajectories, which leads to an increase of the spin asymmetry at small x. This is 
in contradiction with the present correct view, cf. Sect. 4.4, and with experimental data. The 



normalization factor in Eq. (6.1) was chosen to fulfill the SU(6) predictions for the first moment 
sum rules. Therefore, just as SU(6), the model fails to explain the experimental data. Here, 
and in the other following pre-QCD approaches, the scale Q 2 at which Eq. ( |6,1| ) is expected to 
hold, cannot be specified except that Q 2 S> M 2 , as usual within the framework of the idealized 
'impulse approximation'. 



Later attempts [169] tried to improve the model by taking into account the difference between 
constituent and current quarks. The two are related by a Melosh transformation which is shown 
to be equivalent to a rotation in spin space |16S|] . The rotation angle 9 is defined so as to fit the 



modified SU(6) formula = | cos 29 to the experimental number, yielding cos 29 m 0.75. The 
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predictions for the spin asymmetry are 

1Q Ifi 9 3 

A\ = (- - _r(*)) cos 29, A\ = (— - - -) cos 29 (6.2) 

15 15 br(x) 5 

where r{x) = F^{x) / F^{x) is the ratio of the unpolarized structure functions. In this model the 
prediction for is even somewhat larger than that of the Ellis-Jaffe sum rule. 

In another attempt to satisfy the Bjorken sum rule without completely abandoning the 



SU(6) picture of the nucleon, Babcock, Monsay and Sivers [71] suggested to include perturba- 
tive estimates of the qq and gluon sea polarization. Furthermore, for the valence quarks the 
parametrization 8u(x) ~ 0AAu v (x) and 8d{x) ~ — 0.35(4 (x) was proposed. Since the authors 
oriented their results at the prediction of the Ellis-Jaffe sum rule, they are not in agreement 
with present data. 

Most famous among the SU(6) inspired models for the polarized structure functions is cer- 
tainly the Carlitz-Kaur model |143[| . In this model the symmetry is broken by suggesting that 
the configuration, in which the non-interacting diquark system is in an isospin-1 state, is sup- 
pressed at high x relative to the isospin-0 case. This is quantified in terms of two functions, 
Io(x) and I±(x), describing the valence quark distributions, where the subscript refers to the 
isospin of the non-interacting system and which are obtained from unpolarized DIS data. At 
low x, the valence quarks are assumed to lose any memory of the parent spin orientation through 
interaction with the gluon sea. This is described in terms of a factor, called sin 2 9(x), giving the 
probability that the quark will flip its spin through interactions with the sea. It is given by 

^e(x)- 1 H{X)N{X) (6 3) 

Sm ° [X) - 2H(x)N(x) + l { ' 

where N(x) is the density of the gluon sea relative to the valence quarks and H(x) is the 
probability of a spin-flipping interaction between valence quarks and gluons. The behavior of 
N(x) for x — ► 1 is suggested by dimensional counting rules and the behavior for x — ► by 
Regge theory, N(x) ~ (1 — x) 2 /^fx. Assuming the x-independence of H, a measure of the 
dilution of the valence quark spin due to this interaction is then given by the spin dilution factor 
cos2#(x) = Hq(1 — x) 2 1 \fx. The polarized quark densities are given by 

2 1 

8u(x) = [u v (x) d v (x)] cos 29{x) 8d{x) = — d v (x) cos 29{x). (6-4) 

3 3 

The only free parameter in the model is Hq. It is fixed by the Bjorken sum rule, Hq ~ 0.052. 
Correspondingly, the spin dilution factor can be calculated. It is almost equal to 1 everywhere 
except at low values of x. Using Eq. fl6.4| ), T^' n can be calculated and turn out to be essentially 
identical to the predictions of the Ellis-Jaffe sum rule. Furthermore, it should be noted that 
the d-quark spin density in Eq. ( |6.4D does not satisfy the perturbative QCD requirement 
8d(x) ~ d v (x). 

X— >1 



SS 



In the Cheng-Fischbach model [153, 154], later refined by Callaway and Ellis [ 14C ] and 
Cheng and Lai |155f| , it is simply assumed that the polarized quark distributions are related to 
the unpolarized ones via 



8u v (x) = a(x)u v (x) 



5d v (x) = (3{x)d v (x). 



(6.5) 



It is further assumed that a(x),f3(x) ~ 1 in order to take account of the argument that the 
valence quark at x=l remembers the spin of the parent nucleon. By contrast, the region near 
x=0 is expected to be dominated by the sea so that the spin of the nucleon is no longer reflected 
by the valence quarks implying a(x),(3(x) ~^ 0. Since Ad is negative, the boundary condition 

0{x) 



~ 0. 

x^O 

~ 1 implies that 5d v (x) changes sign as a function of x. Therefore, (3{x) was suggested 

X— >1 

to be of the form (3{x) = x p so that the sign of Sd v (x) flips at x = xq. Furthermore, Cheng 

„0.26 



and Lai [155] have chosen a(x) = x a2f \ Roughly, typical values of xq and p are of the order 
0.5. These valence distributions alone cannot account for the experimental data which require 
in addition a large polarized sea quark and/or gluon density. In ref. |155| an ansatz of the form 
|<5s(x)| = x la s{x), \5g(x)\ = x l3 g(x) was made. Since the data do not really fix 8s(x) and 5g(x) 
it was not possible to determine 7 S and 7 9 from a fit. 

Now we turn to more recent developments. According to the discussions and results presented 
in Sects. 4.1, 4.2 and 5.1, it is straightforward to perform LO and NLO(MS) QCD analyses 
of all presently available polarized DIS data on g^' n (x,Q 2 ). This affords the knowledge of 
appropriate input parton densities 5f{x,Q^), f = q,q,g, extracted (as far as possible) from 
present measurements at a conveniently chosen Q 2 = Qq. The analyses can be performed either 
directly in Bjorken-x space or, more conveniently, in (Mellin) n-moment space where the RG 
evolution equations can be solved analytically as in Eqs. (|4.6C| )-( 4.64 ). During the past decade 
many LO analyses, partly supplemented by the NLO gluon anomaly in Eq. fl4.46| ), (4.65) or 
(|p2|), have been performed, e.g. @, |28(|, |469], gj^, |0|, |ll], [L55|, |6l], jil^pOl, gOjfTand 
more recently in g§, |64|, |83], |230|, |24|, g [L57|, [?§, [I2l|, [242| . With the recently completed 
calculation of all 2-loop splitting function (anomalous dimensions) 5P-j\x), i,j = q,g , in the 
MS factorization scheme [436, 513], also fully consistent NLO(MS) analyses became possible 

In general, the searched for parton densities 5f(x,Q 2 ) have to satisfy the fundamental pos- 
itivity constraints ( [4.11 ) at any value of x and scale Q 2 , as calculated by the unpolarized and 



polarized evolution equations, within the same factorization scheme. It is thus natural to per- 
form polarized NLO analyses in the MS scheme where practically all unpolarized NLO parton 
densities have been analysed and presented. Furthermore the total helicities, i.e. n = 1 moments 
of 5f(x,Q 2 ) in Eq. (5.1), are constrained by the sum rules (|5.8|) and (|5l 



Au + Au - Ad - Ad = F + D = 1.2573 ± 0.0028 



(6.6) 
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An + Au + Ad + Ad - 2(As + As) = 3F - D = 0.579 ± 0.025 (6.7) 

which hold for the flavor SU(3)j symmetric 'standard' scenario commonly used. It should be 
remembered that the flavor nonsinglet combinations A3 ; 8 in Eqs. (5J3) and (|5.6| ) which appear 



in ( |6^ ) and ( |6.7[ ) are Q 2 independent also in NLO due to APff s _ = in ( 5.19| ). 



As has been already discussed at the beginning of Sect. 5.1, there are serious objections to 
this latter full SU(3)/ symmetry (mainly due to m u ^ <C m s ) which results in ( |6.7D , in contrast to 
the unquestioned isospin SU(2) j symmetry (m u ~ m^) which gives rise to ( |6.6|). A plausible (but 
extreme) alternative to the full SU(3)/ symmetry is a 'valence' scenario |411| , [412| , 409 ] where 
SU(3)j is (maximally) broken and which is based on the assumption that the flavor-changing 
hyperon /3-decay data fix only the total helicities of valence quarks Aq v (Q 2 ) = Aq — Aq : 



Att«(Qo) - Ad v(Q 2 ) = F + D = 1.2573 ± 0.0028 



Au v {Ql) + Ad v {Ql) 
at some appropriately chosen input scale Q 2 



3F — D = 0.579 ± 0.025 



(6.8) 
(6.9) 



Qq. Note that Aq v (Q 2 ) depends (marginally) on 



Q 2 in NLO due to AP^ S+ ^ in (|539|) . 



In the 'standard' SU(3)/ symmetric scenario we need As = As < in F±' n in Eq. ( 5.14] ) or 
( |5.18| ) in order to comply with recent experiments (cf. Table 2), i.e. in order to obtain a reduction 
of the Ellis-Jaffe expectation T^j, Eq. (|5.15| ), based on ^3 and Ag which are entirely fixed 



by Eqs. ( |6.6| ) and (|6.7[ ) , respectively. [Remember that Ag(Q 2 ) decouples from T^' n in ( |5.18 ) in 



NLO (MS) due to AC g = 0.] In the 'valence' scenario we can do even with As = As ~ since 
here only the valence contribution to A$ is fixed (apart from minor Q 2 dependent effects in NLO) 
by Eq. (|6.9|), with the entire ^3 still being fixed by fl6.8| ) due to the assumption Au = Ad = Aq 
(which is again violated by minor Q 2 dependent effects in NLO). This gives in LO for Ti in 



rf 



4< F+D) + i< 3F 



D) + —(10Aq + As + As) 
18 



(6.10) 



and a similar relation holds in NLO [ 27S ] . Thus, in contrast to Eq. ( |5.14[ ), a light polarized 
sea Aq < will account for a reduction of T\' n even for the extreme SU(3) j broken choice 
As = As = 0! 

Turning to the determination of the polarized LO and NLO parton distributions 5f(x,Q 2 ) 
it is helpful to consider some reasonable theoretical constraints concerning the sea and gluon 
densities, in particular in the relevant small-x region where only rather scarce data exist at 
present (in contrast to unpolarized DIS): Apart from the rather general Regge constraints in 
Eq. ( 4.102Q for x — > 0, color coherence of the gluon couplings at x ~ 0, i.e. equal partition of 



the hadron's momentum among its partons, implies for the gluon and sea densities [129, |12 



Sf(x,Q 2 ) 
f(x,Q 2 ) 



~ x as 



(6.11) 
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Figure 24: Comparison of LO and NLO results for A\(x, Q 2 
inputs at Q 2 = yt 2 LO NLO for the 'standard' scenario, Eqs. (| 



as obtained |279| ] from the fitted 
L^) and (^), with present data 
|15| , |57| , ||, f|, 21]. The Q 2 values adopted here correspond to the different 
values quoted by the experiments for each data point starting at Q 2 ~ 1 GeV 2 at the lowest 
available x-bin. 



[147, 



22, 17 
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and arguments based on helicity retention properties of perturbative QCD of valence densities 
at large-x imply fiM pM |7§ 



|^(^,Qo)l ~ <lv(x,Ql) as 



(6.12) 



The scale Qq at which these relations are supposed to hold remains unspecified. Although not 
strictly compelling, Eqs. ( |6.11 ) and (|6.12| ) are expected |129| , |12§| 1 to hold at some 'intrinsic' 



bound-state-like scale (Qq ~ 1 GeV 2 , say), but certainly not at much larger purely perturbative 
scales Qq 3> 1 GeV 2 . Despite such 'guidelines', presently available scarce polarization data on 
Ai(x,Q 2 ) ~ gi(x,Q 2 )/ Fi(x,Q 2 ), Eq. ( p.!4j ), constrain the polarized parton densities rather 
little, which holds in particular for 5g(x,Q 2 ) |2 



283 



The determination of the 
polarized valence densities is less ambiguous. In order to avoid, as far as possible, pure guesses 
for the input densities 6f(x, Qq), it has been suggested in [f279| , [283fl to employ the unpolarized 
valence—like input densities f(x, Qq) at Qq = fi 2 ~ 0.3 GeV 2 , properly modified so as to comply 



with polarized DIS data, with the positivity inequalities ( 4.11] ) for Q 2 > /j 2 and with the 



constraints ( |6.11 ) and (|6.12| ). Subject to these requirements the following general ansatz for the 



LO and NLO polarized parton densities has been employed [279 



5q v (x,fi 2 ) 
Sq(x,fi 2 ) 
5s(x, fx 2 ) 
5g(x,^ 2 ) 



N qv x a ^q v {x^ 2 ) 
N q x a *(l -x) b «q(x,n 2 ) 
6s(x,[i 2 ) = N s 5q(x, /i 2 ) 
N g x a v(l-x) b *g(x,v 2 ) 



(6.13) 



where the LO and NLO unpolarized input densities /(x,/x 2 ) at /x| 



t^NLO 



0.23 GeV 2 and 

0.34 GeV 2 , respectively, refer to the recent GRV valence-like densities [|289|]. It should be noted 
that employing valence-like gluon and sea input densities [i.e. xg(x,fi 2 ) 



~ x a , xq(x, /i 2 ) 



with a, a' > as 



0] allows for a parameter-free calculation of parton densities and DIS 



structure functions in the small-x region 



/ < 
(x ~ 



10~ 



at Q 2 > fx 2 which is entirely based on the 



QCD dynamics |284|, [285 



9|. The perturbatively stable LO/NLO predictions turned out to be 
in excellent agreement with all DESY-HERA measurements up to now [11, 3^, 34, 196, 198, |199| . 
The resulting fit parameters Aj, a^, bi for the 'standard' and 'valence' scenarios in LO and 



NLO can be found in 279 1 where appropriate simple parametrizations of the rather complicated 
QCD evolutions have also been given. The LO and NLO results for the asymmetries A^ ,d (x, Q 2 ) 
measured up to now, as discussed in Sect. 3, are presented in Fig. 24 for the 'standard' 
scenario. The results for the 'valence' scenario are very similar. In both cases the LO and NLO 
results are perturbatively stable and almost indistinguishable. The expected Q 2 dependence of 
A!(x,Q 2 ) 



is shown in Fig. 



[The 



25| and compared with recent SLAC-E143 and SMC data, 
difference between the LO and NLO results in the small-Q 2 region is mainly due to different LO 
0.23 GeV 2 ) and NLO {^ 2 NLO = 0.34 GeV 2 ) input scales.] It should be emphasized that 
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Figure 25: The Q 2 dependence of A^' (x, Q 2 ) as predicted by LO and NLO QCD evolutions 
[)279(1 at various fixed values of x, compared with recent SLAC-E143 |2], Q (solid circles) and 
SMC data M, M (open circles). 



i4x— gi/F\ is in general expected to be Q 2 dependent as soon as gluon and sea densities become 
relevant, due to the very different polarized and unpolarized splitting functions 6P-j (x) and 



,(0,1)/ 



. , , '(x), respectively (except for 5P^ = Pgq' which dominates, apart from marginal differences 
in the relevant NLO NS splitting functions, in the large-x region). Moreover, the smaller x the 
stronger becomes the dependence of the exactly calculated A±(x, Q 2 ) on the precise form of the 
input at Q 2 = fi 2 [283]. For practical purposes, however, such ambiguities are irrelevant since 
Ai — gi/F\ ~ 2xgi/F2 — ► as x — > is already unmeasurably small (of the order 10 -3 ) for 
x ~ 10 -3 . Thus the small-x region is unlikely to be accessible experimentally for gi(x,Q 2 ), in 
contrast to the situation for the unpolarized F\^{x,Q 2 ). It is furthermore interesting to note 
that the approximate asymptotic (x — ► 0) DLL expression ( 4.110|) for A\{x,Q 2 ) does not even 
quantitatively reproduce the exact LO results for A\(x : Q 2 ) for x > 10 -3 p83f| . It is therefore 
misleading to use the simple asymptotic DLL formulae ( 4.107 )-( 4.110| ) for quantitative estimates 



(0) 
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Figure 26: Comparison of the 'standard' and 'valence' LO and NLO results 279 1 with the data 
for g^' d (x,Q 2 ) g|7|, ||, ||, ||, g]| [l7|, |7|, S 1 1 §i§. The SMC data correspond to 



different Q 2 ~ 1 GeV 2 for x > 0.005, as do the theoretical results. 
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Figure 27: Same as in Fig. H but for g™(x,Q 2 ). The E142 and E143 data f57|, 1 correspond 
to an average (Q 2 ) = 2 and 3 GeV 2 , respectively, and the theoretical predictions correspond to 
a fixed Q 2 = 3 GeV 2 . 
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Figure 28: Comparison of the fitted 'standard' 
Q 2 = /j? nlo = 0.34 GeV 2 , according to Eq. (ETiah 
densities of (289 1. 



and 
!7l 



'valence' input NLO(MS) densities at 
with the unpolarized dynamical input 
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Figure 29: The polarized LO and NLO(MS) densities at Q 2 = 4 GeV 2 as obtained from the 
input densities at Q 2 = n 2 LO NLO as shown in Fig. 28 for the NLO. In the 'standard' scenario, 
5s coincides with the curves shown for 5q in LO and NLO due to the SU(3)/ symmetric input 
which is only marginally broken in NLO for Q 2 > H 2 NLO - 
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Figure 30: The experimentally allowed range of NLO polarized gluon densities at Q 2 = 4 GeV 2 
for the 'valence' scenario with differently chosen 5g{x, ^ 2 NLO ) inputs. The "fitted 5g" curve 
is identical to the one in Fig. [2^. Very similar results are obtained if 5g(x, fij^ LO ) is varied 
accordingly within the 'standard' scenario as well as in an LO analysis [ p79| , [283| |. 
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The structure functions g^ ,n (x, Q 2 ) and gf , given by the relation (|3.6D, can now be extracted 
using Eqs. (|2H|) and (pig) where one usually neglects the subleading contributions proportional 



to 7 . These results are shown in Figs. 



6] and |27|. The reason why the LO results are partly 





larger by more than about 10% than the NLO ones is mainly due to the LO approximation R = 
in Eq. (pU9D , as used in |27|]. Some of the EMC and E143 asymmetry data |447|, §|, |?J |, | 
have been analysed by assuming to be independent of Q 2 . This can be partly responsible 
[|279|| for these "data" falling somewhat below the NLO predictions in the small-x region, despite 
the excellent fits to Af[ in Fig. 24. The predictions for the NLO parton distributions at the 
input scale Q 2 = fJ> 2 NLO = 0.34 GeV 2 in Eq. ( |6.13| ) are shown in Fig. |28| and compared with 
the reference unpolarized NLO dynamical input densities of ]289| ] which satisfy of course the 
positivity requirement ( 4.11 ) as is obvious from Eq. ( 6.13| ). The LO predictions are similar 
[p79|| . It should be noted that the strange densities correspond to N s = 1 in ( |6.13 ) for the 
SU(3)/ symmetric 'standard' scenario, whereas to N s = for the SU(3)/ broken 'valence' 
scenario p79|]. The corresponding polarized densities at Q 2 = 4 GeV 2 , as obtained from these 



inputs at Q = for the two scenarios in LO and NLO, are shown in Fig. E£|. It is interesting 
to note that, within the radiative approach with its longer Q 2 -evolution "distance" starting at 
the low input scale // 2 in Eq. ( |6.13|) , a finite (negative) strange polarized sea input 5s(x,fj 1 2 ) is 
always required by present data for the 'standard' scenario. This holds true even if one uses 
(somewhat inconsistently in NLO) the "off-shell" 5C g in Eq. (4.46) or p. 65 ) which corresponds 
to AC g = |, giving rise to Eq. (|]2|), in contrast to AC^ S = 0. The shape of the polarized 
gluon densities 5g presented in Figs. 30 and 31 is constained rather little by present asymmetry 
data [f279| , |283j , |265|| : Equally agreeable fits can be obtained for a fully saturated [inequality 
(4.11)] gluon input 5g(x,fi 2 ) = g(x,[i 2 ) as well as for the less saturated 5g(x,/i 2 ) = xg(x,[i 2 ). 
A purely dynamical | 280 | input 5g(x,fj?) = is also compatible with present data, but such 
a choice seems to be unlikely in view of 5q(x,p?) ^ 0; it furthermore results in an unphysical 
steep |280|1 Sg(x, Q 2 > ^ 2 ), being mainly concentrated in the very small-x region x < 0.01, as in 



the corresponding case |284| , 267 1 for the unpolarized parton distributions in disagreement with 
experiment. The resulting NLO gluon densities 5g(x, Q 2 ) at Q 2 = 4 GeV 2 which originate from 
these extreme inputs are compared in Fig. |3^ with our 'fitted 5g' curve of Fig. ^9] obtained for 
the 'valence' scenario. Present data allow even for a partly negative 5g(x,4 GeV 2 ) [|265H and 
specific model calculations can accommodate even a negative Ag(4 GeV 2 ) |282j , |341fl . It turns 
out that 5g(x,Q 2 ) is somewhat less ambiguous if only the more global quantities Sq^s, SH and 
5g are used for analyzing present data JFtJ , instead of trying to delineate the individual parton 
densities. 

An alternative analysis of polarized structure functions has been performed by Gehrmann 
and Stirling [ |265[| . This was done in the same spirit as the unpolarized analysis |428] 1 , namely 
the polarized parton distributions were chosen to be of the general form 



xSf(x, Ql) = Vf A f x a f (1 - x) b f (1 + V x + Pfy /x) 



(6.14) 
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for/ 



u v ,d v ,q,g at the starting scale Qq = 4 GeV 2 . The normalization factors 

r(o/)r(6/ + i) r( a/ + o.5)r(6 / + i 



A 



1 + 7/- 



a f + b f + lj T(a f + b f + l) 



+ p f - 



r(o/ + 6/ + 1.5) 



(6.15) 



are determined by the condition that the first moments of 5f(x,Q 2 ) ) are given by 77 f. The 
parameters r/y, a/, 7/ and py for f = u v and were determined by LO and NLO fits to 
recent data. For the sea, an SU(3)j symmetric antiquark polarization was assumed (just as in 
the 'standard' scenario [p79| as discussed above, e.g. Eq. ( 6.13j ) with N s = 1). For 5g{x,Q 2 ) ), 
which is hardly constrained by the data [cf. Fig. |30|, three alternative parametrizations were 
employed, a hard and a soft distribution (A and B) with the spin aligned with that of the parent 
proton and a distribution (called C) with the spin anti-aligned. All three choices give equally 
good descriptions of the structure function data, but would be relatively easy to discriminate if 
data on polarized gluon initiated processes like 7 ( -*- > g — ► cc or qg — > 75 were available. In all cases 
the first moment r/ g = 1.9 was chosen which is obtained in LO by attributing all the violation 
of the Ellis-Jaffe sum rule to a large gluon polarization. This number is in the same ballpark as 
if determined from an NLO analysis of the experimental data (Ag^Q^) = 1.5 ± 0.5 77] and Eq. 
( |6.16| ) and Tables 3 and 4 below), but with a large error. A summary of the fitted and chosen 



parameters together with the x °f the fit can be found in Table 2 of 265 1. The NLO polarized 



parton distributions at Qq = 4 GeV 2 for gluon scenarios A, B and C are shown in Fig. |31|. It 



should be emphasized that present polarization data can be fitted even with a negative 5g in 



the large-x region, as shown in Fig. 31, which refers to a more extreme choice than the ones 



depicted in Fig. |30|. Furthermore, the LO GRV 94 ||8§ and the NLO MRS-A' |42§] parton 
densities have been chosen as reference distributions, which are necessary for comparing with the 
positivity constraints Q4.11| ), and are also shown in Fig. [H]. The resulting fits for g\ ,n ' d (x,Q 2 ) 
are similar in quality p65| ] as the ones shown in Fig. ^6| and ^7|. 

Finally let us turn to the first moments (total polarizations) Af(Q 2 ) in Eq. ( ^.1[ ) of the 
polarized parton densities Sf(x,Q 2 ) and the resulting T^ ,n (Q 2 ). It should be recalled that, in 
contrast to the LO, the first moments of the NLO (anti)quark densities do renormalize, i.e. are 



Q 2 dependent, due to the nonvanishing of the 2-loop and AP^g, in ( 5.19j ), Let us discuss 



,(i) 



the two scenarios in turn: 

(i) In the 'standard' scenario the input densities in ( |6.13| ), being constrained by 



|) and 



(|6JD, imply in LO |7g] 



Au v = 0.9181 , Ad v 

Aq = As = As = -0.0587 



-0.3392 



which result in AS 



0.362, Ag{A GeV 2 ) 
0.227. This gives 



1.273, Ag(10 GeV 2 ) = 1.570 



(6.16) 



= 0.1461 , 



-0.0635 



(6.17) 
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in reasonable agreement with present data (Table 2). The NLO results are shown in Table 3 
which are in even better agreement with experiments (Table 2). 



Q 2 (GeV) 2 


Au v 


Ad v 


Aq 


As = As 


A 5 


AS 


r? 


rn 
1 1 


Vnlo 


0.9181 


-0.3392 


-0.0660 


-0.0660 


0.507 


0.183 


0.1136 


-0.0550 


1 


0.915 


-0.338 


-0.067 


-0.068 


0.961 


0.173 


0.124 


-0.061 


4 


0.914 


-0.338 


-0.068 


-0.068 


1.443 


0.168 


0.128 


-0.064 


10 


0.914 


-0.338 


-0.068 


-0.069 


1.737 


0.166 


0.130 


-0.065 



Table 3: First moments of polarized NLO parton densities 5f(x,Q 2 ) and of gi' n (x,Q 2 ) as 
predicted in the 'standard' scenario [p79| . Note that the marginal differences for Aq and As 
indicate the typical amount of dynamical SU(3) / breaking generated by the RG Q 2 -evolution 
to Q 2 > [i 2 NLQ . 



(ii) In the 'valence' scenario the input densities in ( 6.13j ), being constrained by ( |6.8| ) and 
flol) , imply in LO @ 

Au v = 0.9181 , Ad v = -0.3392 



Aq = -0.0712 

.2 ^\ n qvo a „l a n„-w2 



As = As = 



Ag(n z LO ) = 0.372 , Ag(A GeV^) = 1.361 , Ag{W GeY 2 ) = 1.684 



(6.18) 



which result in AS = 0.294. Apart from this maximal SU(3)/ breaking, these results are similar 
to the 'standard' ones in ( |6.16 ) and yield 



rf = 0.1456, 



-0.0639 



(6.19) 



on account of ( |6.10| ). The NLO results are shown in Table 4. 

These results for the total helicities (first moments) are similar to the ones observed in other 



recent LO and NLO analyses [265, 77, ||. 

Due to the similarity of the LO and NLO results in both scenarios, it is obviously impossible 
to distinguish experimentally between the 'standard' (SU(3)j symmetric) and 'valence' (SU(3)j 
maximally broken) scenario. In both scenarios the Bjorken sum rule ( |5.86j ) manifestly holds 
due to the constraints (|6.6| ) and ( |6.8j ). Furthermore, the observed total helicities carried by the 
valence quarks, Au v and Ad v , are compatible with the ones obtained very recently from semi- 
inclusive spin asymmetry measurements p^l , cf. Sect. 6.5, which yielded Au v = 1.01 ± 0.24 
and Ad v = —0.57 ± 0.25 at (Q 2 ) — 10 GeV 2 . It is also very interesting to note that our optimal 
fit results shown above favor a sizeable total gluon helicity A<7(10GeV 2 ) ~ 1.7, despite the fact 
that Ag(Q 2 ) decouples from the full (0 < x < 1) first moment T\(Q 2 ) in ( ^.18[ ) in the MS 
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Q 2 (GeV) 2 
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I* 
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f^NLO 


0.9181 


-0.3392 


-0.0778 









0.496 


0.268 


0.1142 


-0.0544 
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-0.338 
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-2.5 
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10~ 3 
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0.914 


-0.338 


-0.081 


-3.5 


X 


10~ 3 


1.494 


0.245 


0.128 


-0.064 


10 


0.914 


-0.338 


-0.081 


-3.8 


X 


10" 3 


1.807 


0.244 


0.130 


-0.065 



Table 4: The first moments (total helicities) as in Table 3, but for the maximally SU(3)/ broken 
'valence' scenario [2791. 



scheme (since AC^ S = 0). This implies that for any experimentally relevant analysis (where 

0.01 ~ x < 1), the NLO 5g(x,Q 2 ) in Eq. ( 4.47] ), for example, plays an important role almost 
regardless of the value of the full first moment of 5C g (x). The importance of 6g(x, Q 2 ) also holds 
in LO where 5g does not directly appear in g\(x,Q 2 ), Eq. ( |4.5[ ), but enters only via the RG 
evolution equations. 

This large MS result for Ag(Q 2 ) is also comparable with the weaker constraint ( |5.85| ) obtained 
in the off-shell scheme (where AC g = — \ ) which is not too surprising since the RG solutions 
( |5.81| ) and ( [5,83| ) differ only to 0(a s ). Furthermore one can be tempted to reinterpret our MS 
results for AS(Q 2 ) in terms of AS jj in Eq. ( |5.26 ), by assuming that Ag(Q 2 ) in the off-shell 
scheme is similar to our MS results. This gives 



AS o// ~ 0.33 (0.42) 



(6.20) 



according to the results for the 'standard' ('valence') scenario in Table 3 (Table 4). Thus the 
sizeable Ag(Q 2 ) implies a sizeable amount of total helicity of singlet quark densities, AS D j-j, 
which comes close to the naive expectation AT, D ff ~ Ag ~ 0.6 in Eq. (5.27) in contrast to 
AS(Q 2 ) in the MS scheme. 

Finally, it is very interesting to observe that at the low input scales Q 2 = [j? LO NLO = 
0.23, 0.34 GeV 2 the nucleon's spin is dominantly carried just by the total helicities of quarks 
and gluons 

(6.21) 



1 



AS {vioiNLO]) + A 9 [l4o[NLO}) ~ °- 5 I ' 6 ] 



according to Eqs. ( 6.16j ) and ( |6.18 ), and Tables 3 and 4. Thus the helicity sum rule ( |1.1| ) implies 
that 

L Z {Ao,nlo)-Q- (6-22) 

The approximate vanishing of this latter nonperturbative angular momentum, being built up 
from the intrinsic carried by partons, is intuitively expected for low bound-state-like scales 
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(but not for Q 2 3> /x 2 ) implying that the spin of the nucleon is carried solely by quarks and 
gluons, Eq. ( |6.21 ), i.e. there is no 'spin surprise' whatsoever. At smaller distances, i.e. for 
Q 2 fsj^Q NLO , this picture will break down since gluon and qq production off the initial 
partons will increase their /cy which in turn gives rise to a finite orbital angular momentum 
carried by quarks and gluons, L Z (Q 2 ) = L q (Q 2 ) + L g (Q 2 ) [ }482| , |346| , [460| ]. Clearly a finite 



L Z (Q 2 ) is required to reconcile, for example ±AS(Q 2 ) + Ag(Q 2 ) ~ 1.8 at Q 2 = 10 GeV 2 (Table 
3), with the sum rule ([O]). The relevant RG Q 2 -evolution equations for the quark and gluon 
angular momenta L q (Q 2 ) and L g (Q 2 ) have been written down recently in LO [ |36E 



d_ ( Lg(Q 2 ) 

dt V L g (Q 2 ) 



+ 



a s (Q 2 
2vr 



a s (Q 2 
2vr 



ic F I 

3 



4/~r 
3 F 



L 

•; ( > 3 n 



\C F 



L q (Q T 

l 9 (q 2 : 

AS(Q 2 ) 
Ag(Q 2 ) 



(6.23) 



where the second inhomogeneous term was first studied in |460| with AS and Ag evolving 
according to (|5.2j). The solution of (|6.23|) is straightforward: 



L,(Q 2 



2 2 16 + 3/ 



+ 



L q {Q 2 ) + -AS 



3/ 



2 16 + 3/ 



L 2(16+3/)/9/3 



(6.24) 



L g (Q 



16 



+ 



1 



2 16 + 3/ 

a s {Q 2 )/a s {Ql) and AS = AS(Q 2 



L g (Q 2 ) + Ag(Q 2 )-- 



16 



L 2(16+3/)/9/3 ( g 25) 



2 16 + 3/ 

AS(Q 2 ) in LO. The last Eq. (|^2|) demonstrates 



with /. 

explicitly that the large gluon helicity Ag(Q 2 ) as obtained above at large Q 2 > fi 2 is canceled 



by an equally large, but negative, gluon orbital momentum. Asymptotically (Q 2 
solutions (|]|§ and fl^ ) b ecome particularly simple 



oo, 



the 



L g + -AS 

q 2 



3/ 



2 16 + 3/ 



L„ + Ag 



1 



16 



2 16 + 3/ 



(6.26) 



Thus the partition of the nucleon spin between quarks and gluons eventually follows the well 

307|, 



If the Q 2 



known partition of the quark and gluon momenta in the nucleon |30f 
evolution is slow, then Eq. ( |6.26D predicts that quarks carry less than about 50% of the nucleon 
spin even at low momenta [cf. Eqs. fl6.16|) and ( 6.18 )]. 

It should be mentioned that, although L z = L q + L g can be theoretically formally formulated 
in a consistent covariant way [34£, |34l| , |158[| , there appears to be no direct experimental test 
of the size as well as of the sign of L Z (Q 2 ), or more ideally of the separate components L q (Q 2 ) 
and L g (Q 2 ). The possible measurement of azimuthal distributions has been proposed ||165 
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but these are only sensitive to some average {kj) of rotating constituents in a polarized nucleon 
target. 



More recently, Ji [360, 361 1 has suggested to use deeply virtual Compton scattering (DVCS) 
l*(Q 2 )p ~^ IP 1 m the limit of vanishing momentum transfer t = (p 1 — p) 2 , in order to get 
direct information about the gauge invariant combinations J q = ^AS + L q and J g = Ag + L g 
appearing in the spin sum rule (|l.l|) : | = J q (Q 2 ) + J g (Q 2 ). In this limit, J q ^ g = ^[^^(0) + 
Bq jg (0)] where A q ^ g {t) and B q ^ g {t) are the 'Dirac' and 'Pauli' form factors of the quark and gluon 
energy-momentum tensor ( which are analogously defined as the well known form factors of 
the electromagnetic vector current). The form factors A q (t) and B q (t) are then related via sum 
rules to the n = 2 moments (Bjorken-x averages) of the structure functions of the non-forward 
DVCS. Although the extrapolation t — > 0, required to obtain J q g , is difficult [362, 454, 390 1 (if 



at all possible), rough estimates result in a DVCS cross section at — t < 1 GeV 2 above 1 pb at 
CEBAF and DESY-Hermes kinematics [f36l 



6.2 Heavy Quark Production in Polarized DIS and in Photoproduction 

In the previous sections we have realized, among other things, the enormous difficulties to 
extract the polarized gluon distribution and in particular its first moment from inclusive deep 
inelastic data. These problems have been anticipated several years ago by theoretical studies 



[[47], 216, 142 , 43], and they are in fact not surprising in view of the well known subtleties 
having occurred in all attempts to determine the unpolarized gluon density in unpolarized DIS 
experiments during the past two decades. 

A popular way out of this dilemma is the study of semi-inclusive cross sections, and in 
particular of charm production, because the production of heavy quark hadrons is triggered 
in leading order by the photon-gluon fusion mechanism [7* (j)5g —* hh with h = b,c] and is 
therefore sensitive to the gluon density inside the proton, whereas the heavy quark content of 
the proton is usually negligible, if it exists at all, at presently available Q 2 -values. Due to its 
prominent decay mechanism, J/ip production is the most distinct among the charmed events. 
In contrast to open charm production one faces here, however, the additional model dependence 
for bound-state production, such as the 'duality model' p52| , 313, |367], 269. 271| (nowadays also 



called 'color evaporation' model) and the color-singlet model jl46j, |9£j, |73J. In the duality or 
'soft color' treatment of color quantum numbers the cross section for bound charm production 
is given by 

1 f 2mD . da r 



dm—^ (6.27) 
9 J2m c dm 

where da c5 is computed perturbatively in LO and NLO due to 7*5 — ► cc, etc. (or due to qq — > cc, 
gg — > cc, etc. for hadronically produced quarkonia), since here the color singlet property of the 
J/i/j is ignored at the perturbative stage of the calculation. The subsequent hadronization of 
the color singlet state is then assumed to be characterized by multiple (nonperturbtive) soft 



105 



gluon emissions, i.e. the treatment of color is, on the average, statistical with the factor g 
representing the statistical probability that the 3x3 charm pair is asymptotically in a color 
singlet state. Alternatively, in the color-singlet model the color singlet property of the produced 
onium states {J /if}, etc.) is enforced already at short distances, Ax ~ m^ 1 , by the emission of 
a perturbative (octet) gluon off the produced charm quark. It is this latter assumption which 
casts doubt on the color-singlet model since it does not seem logical to enforce perturbatively 
the color-singlet property of the onia at short distances, given that there remains practically 
an infinite time for soft gluons to readjust the color of the cc pair before it appears as an 
asymptotic J/ip or, alternatively, DD state. In other words, it is hard to imagine that a color 
singlet state formed at a range ml , automatically survives to form a J/ip. Indeed, the duality 
('color evaporation') treatment has received renewed attention and appears to be the favorite 
mechanism of heavy quarkonia production |5^, |210| , [479| , 261, |480| (or a variant of it which 



differs in its nonrelativistic treatment of the nonperturbative long-distance part of the cc matrix 
elements which obey simple 'velocity-scaling' laws with respect to the relative velocity (5 of the 



cc; this allows for a systematic expansion in a s (2m c ) and (3 | 114 |.) The reason for this revival 
is that some data on the production of ip— and T-states disagree with the simple minded color- 
singlet model predictions; occasionally by well over one order of magnitude as in the case of 
ip' production at the Fermilab Tevatron |123f| . Thus it seems to be more appropriate to study 
and delineate the relevant quarkonia production mechanism using unpolarized reactions first, 
instead of using a particular model to get access to 8g(x, Q 2 ~ m^) via polarized deep inelastic 



(or photon) production of J/ip's ]275| , [308| , 368 , |295| , 497|. This statement is even more true for 



(diffractive) elastic J/ip production where some very speculative models exist |126j , [470| , |4Q8| j . 
They are based on a two-gluon exchange but it is not clear whether the square of the polarized 
gluon density Sg(x, Q 2 ~ m j/^,) or some independent two-gluon correlation function appears in 
the cross section formula. 

Therefore, from the theoretical point of view a much cleaner signal for the gluon density 
in heavy quark production is open charm production, although experimentally it has worse 
statistics due to the difficulties in identifying D-mesons. Instead of the deep inelastic process 
one may as well look at photoproduction, because the mass of the charm quark forces the 
process to take place in the perturbative regime. The advantage of photoproduction over DIS is 
its larger cross section. Several fixed target experiments, HERMES at DESY [49], COMPASS 



at CERN [93 1 and a new facility at SLAC |34|] are being developed to measure the polarized 
gluon distribution via photoproduction. 

In leading order the inclusive polarized deep inelastic open charm production cross section 



is given by, using Eq. p77| ) or fl2.41| ) 



d 2 Ao c d 2 1 . ^_ , . 4na 2 . , „. 
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where [521 



28l| 1 



,2 t 

is the charm contribution to the polarized structure function g\ and where 



<5C c (z, Q 2 ) = (2z - 1) In + (3 - 4z)0 (6.30) 

1 - P 

is the partonic matrix element due to 7*<5<7 — > cc. Note that the renormalization scale of a s 
m ( ggg ) has been set equal to the factorization scale //jr appearing in 5g and that one usually 

takes {ip = 2m c . Furthermore, (3 = a/T— — ^ where 3 = (p + g) 2 = Q 2 "4p is the Mandelstam 
variable of the subprocess. By combining these formulae with the unpolarized cross section 
one can obtain the polarization asymmetry A c = d ^ a c . If one plugs in the drastically differing 



LO polarized gluon densities of |279] and the oscillating GS-C density of p65|| which are for 
convenience compared to each other in Fig. |3^, one obtains the results for g^(x,Q 2 ) and the 
deep-inelastic charm asymmetry A c = gf/Ff shown in Fig. 33 at Q 2 = lOGeV 2 [f281| , |505 



(Note that the corresponding NLO densities are shown in Figs. ^ and gl] at Q 2 = 4 GeV 2 .) 
It should further be noted that the dashed curve in Fig. |33| a corresponds, at x 0.01, to 
about 10% of the full g\ which implies that a fairly accurate high statistics experiment would be 
required in order to extract 8g(x,/i F ) from g\. The size of A\ in Fig. |33| b in the large-x region, 



x > 0.01, is deceptive since here the individual g\ and F-f = 2 2x L [ 278 ] rapidly decrease as a 



result of the threshold condition (3 > 0. Realistically, A\ is of the order of 5% at x ~ 0.01 where 
g\ is also sizable as shown in Fig. |33|. For x < 0.005, which could be reached at the HERA ep 
collider, the situation is even less favorable, since g(x, up) becomes much larger than 5g(x, fx F ) 
as x — > and A\ is correspondingly small. Furthermore, the contribution 5C C in (|6.30| ) from 
the polarized subprocess 7*3 — ► cc changes sign towards the HERA small-x region, so that A\ 
is further suppressed, cf. Fig. and becomes probably unmeasurable below x ~ 0.005. It 
should be noted that this latter oscillation of 5C C causes the strong increase of g\ in the region of 
very small x, as shown by the dotted curve in Fig. |33|a, via the convolution with the peculiarly 
oscillating polarized gluon density GS-C of Fig. |32|. The relevant asymmetry A\ in Fig. |33| b 
remains negligible due to the enormously increasing unpolarized gluon density for x — » 0. 

We now turn to the case of p/iotoproduction of charm. It is straightforward to obtain from 
the above expressions ( 6.2S| ) - ( |6.30| ) the inclusive open charm photoproduction cross section by 



taking the simultaneous limits Q 2 — > and z — > while keeping 0— ~ s fixed: 

Airaa s (fi 2 F ) f 1 dx' , 2 1 + /? 

AfT 7p( s 7) = ^ — 6 9( x » Mf)(3/3 - In YZTp) ( 6 - 31 ' 
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Figure 32: Polarized gluon densities at Q 2 = lOGeV 2 (~ Am 2 .) of the four LO sets used in this 
subsection. The dotted curves refers to set C of [265] whereas the other densities are taken from 
283(1 as described in Sect. 6.1. 



0.3 



0.2 



rrni I r- 

gUx.Q 2 ) 

fitted 6g 

5g = g input 

5g = input 

GS C 




10" 1 



0.4 
0.3 
0.2 
0.1 


-0.1 



-0.2 
10" 3 





i i 


: a- 


-9vn i : 


: q2 = 


=10GeV 2 / 




/ : 




/ 1 




/ 




/ - 




/ / ^ 














: b) : 




10" 



10" 1 



Figure 33: Charm contribution g\ to g\ at Q 2 = lOGeV 2 for the four gluon distributions of Fig 
|32], calculated according to Eq. (6.29) using fj,p = 2m c with m c = 1.5GeV [502]. 
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Figure 34: Longitudinal spin asymmetry for the total charm photoproduction cross section 
calculated according to Eq. (|6.31| ), using = 2m c with m c = 1.5GeV, for the four polarized 
gluon densities shown in Fig. |32] [ |502|| . 



where (3 = y 1 — ^S 2 - and s = x's^. This integrated cross section depends only on the total 
proton-photon energy s 7 = (P + q) 2 which for a fixed target experiment is given by s 7 = 2ME y 
where Ey is the photon energy. By varying the photon energy it is in principle possible to explore 
the x-dependence of 5g. Very high photon energies correspond to small values of x. However, 
as we shall see later, it is not trivial to obtain the first moment of Sg from the cross section 
Eq. ( 6.31| ). The expected polarization asymmetry is given as a function of in Fig. 34 for 



various possible forms of 5g(x,fj> F ). It is clearly seen that it becomes rapidly smaller towards 
higher energies due to the two reasons disussed above [oscillation of the parton matrix element 
and singular behavior of g(x,4m 2 )}. Thus the total charm cross section and the asymmetry 
become unmeasurably small at HERA energies, ^JsZ ~ 200GeV, to be reached with a possible 



future doubly polarized ep collider [ 502 1 . On the other hand, it seems more feasible that the 
total asymmetry in 7p —* cc can be measured at smaller energies, ^/s^ < 20 GeV, where future 
polarized fixed-target experiments like COMPASS [|93| will be performed. 

It should be noted that the choice of scale hi 5g in Eqs. (|6T29|) and (|^) is not certain: 
probably 2m c is a reasonable choice but it might as well be ^JsZ or any number in between. 
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This uncertainty reflects our ignorance about the magnitude of the higher order correction and 
could be resolved if a higher order calculation of these cross sections will be performed. The 
same statement holds true for the argument of a s . Therefore, in the equations presented below 
the scale of Sg and a s will be chosen to be more general, \xf and fj,R, respectively. It turns out 
that the variation of the cross sections when one varies \ip and //r is larger (~ 20 %) than that 
of the asymmetries (< 5 %) so that one may speculate that the higher order corrections to A c 
are small. However, to prove this conjecture a higher order calculation is necessary. 

Equation fl6.31| ) was obtained after integration over the charm quark production angle 9 (in 
the gluon-photon cms). If one is interested in the px distribution or wants to introduce ap^-cut, 
it is appropriate to keep the 9 dependence in the fully differential cross section |257], [502^ 



d 2 Aa c e 2 c a s ((i 2 R ) 2 g + u 2 - 2m 2 c s 2 g + # 1 

-5g{x,n F ){}{2 + 4m c } (6.32) 



dx'd cos 9 16s tu t 2 u 2 

where s = x's y , t = — | (1 — j3cos9) and u = — 1(1 + j3cos9). It is possible to make a transfor- 
mation to the transverse momentum of the charmed quark by using p?n = (| — m 2 ) sin 2 9: 



e 2 a s {n R ) f dx' , 2 p / 4 ™ c dp T 



"r J ^ i " m S ^L.t . /i _ 



2m 2 T -T-2m,( T T+ 

tu u t u 



(6.33) 

There are several good reasons to study the distribution. First of all and in general, it 
gives more information than the inclusive cross section. Secondly and in particular, it can be 



shown that the integrated photoproduction cross section Eq. (6.31) as well as the corresponding 
DIS charm production cross section in ( |6.28| ) are not sensitive to the first moment of 8g. The 
sensitivity is strongly increased, however, if a j>T~cut of the order of px > 1 GeV is introduced, 
see below. Last but not least, it is experimentally reasonable and often necessary to introduce 
a pT~cut. 

Let us dwell on the first moment discussion for a moment. It is true that the first moment 
is only one among an infinite set of moments and the most interesting quantity to know is the 
full x-dependence of 5g(x,Q 2 ) at a given Q 2 . However, as was shown in Sect. 5, the first 
moment Ag certainly has its significance, firstly because it enters the fundamental spin sum 
rule fll.ip and secondly because it gives the contribution within the proton to the 75 anomaly, 
< PS 1 97/475(7 1 PS >= (Aq — ^Ag)S fl , within the proton. In massless DIS it is straightforward 
to find out what the contribution of the first moment to the cross section is. One can apply 
the convolution theorem ( |4.23| ) to see that the contribution of Ag is given by the first moment 
of the parton matrix element, i.e. by the n = 1 gluonic Wilson coefficient, c.f. Eq. ( [4.62| ), If 
masses are involved, like m c , the answer to this question is somewhat more subtle. Since the 



cross section is not any more a convolution of the standard form, (4.14), one can formally write 
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the integrals in ( |6.29| ) and (6.31) as 

4ml 



1 dx 

: x 



Ug(x',fi 2 F )H( 



~-,Q 2 ) where £ = (1 + %fr)x for DIS 

charm production and £ = for photoproduction (Q 2 = 0) of charm. Now one can apply the 

convolution theorem by integrating this expression over £ and the first moment L dzH(z, Q 2 ) 
gives essentially the contribution from Ag(fip). By integrating Eqs. ( |6.3C| ) and ( |6.31 ) it turns 
out that both for the inclusive charm DIS and photoproduction the corresponding quantities 
f*dzH(z,Q 2 ) identically vanish §21], [281], |27|. This can be traced back to the small-pr 
behavior of the (perturbative) partonic cross section (Wilson coefficient) for j*g — > cc which 
cancels the contribution of the large-p^ region in f dzH(z,Q 2 ) 



511]. It is not really a 



surprise in view of the structure of the anomaly in massive QCD [cf. the discussion after Eq. 
( Ipg ) and the Appendix of gg| ]. Since the integrals f Q dzz n 1 H(z,Q 2 ) keep being small in 
a neighborhood of n=l one may conclude from this that these cross sections are not suited for 
determining the first moment of 5g. Fortunately, the situation changes if one includes a py-cut 
of greater than 1 GeV. In that case the sensitivity to 5g(x,p 2 7 ) is reestablished because the 
small-pT behavior of the matrix element for 75 — * cc does not cancel the contribution of the 
large-pT region any more [400]. 

The formulae presented in Eqs. (|6.31 ) 



.33|) were obtained for strictly real photons Q = 0. 
This is a reasonable approximation for the projected fixed target experiment (photoproduction) 
but may be improved, if one is interested in operating the HERA ep collider also with polarized 
high energy protons. In that case the Weizsacker-Williams approximation may be introduced 
257|, 502] to account for the tail of the photon propagator. The Weizsacker-Williams approx- 



imation is also advantageous because tagging of the electron, needed for the extraction of the 
cross section at fixed photon energy would reduce the cross section too strongly. On the basis 
of the Weizsacker-Williams approximation one may go on to include a possible resolved photon 
contribution to the cross section described by polarized photon structure functions 5f 1 {x,p 2 F ) 



with f=q,g [p92| , |29-4j , |29C| , |503| . These quantities are completely unmeasured so far and could, 
in the 'maximal' scenario, contribute up to 20% of the cross section [502]. The polarized lowest 
order cross section for producing a charm quark with transverse momentum pt and cms-rapidity 
77 then is 



dpxdr] 



-v 



dx e x e 5f e (x e , n 2 F )x p 5f(xp, /!%)- 



dAa 



1-peV 



pe~ 



dt 



(6.34) 



where p = tjit/^/s with my = yP^ + m 2 ana ^ x p = x e pe v /(x e — pe v ). The sum runs over 
all relevant parton species. 5f e are effective polarized parton densities in the longitudinally 
polarized electron defined by 



(xcPf) 



1 dy 



(6.35) 
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where AP 7 / e is the polarized Weizsacker- Williams spectrum 



AP 7/e (y) 



a 
2^ 



y 



o 2 



(1-2/) 



m 2 y 2 



(6.36) 



and the same cuts as in the unpolarized case should be used, Q 2 max = 4 GeV 2 and the y-cuts 
0-2 < y < 0.85 |197| 1 . The cross section Eq. ( |6.34 ) can be transformed to the more relevant 
HERA laboratory frame by a simple boost which implies 77 = rj cms = tjlab — ^ n (E p /E e ), 
where we have counted positive rapidity in the proton forward direction. The spin-dependent 
differential LO subprocess cross sections dAa/dt for the resolved processes gg — * cc and qq — > cc 
with m c 7^ can be found in |179| , 373[| . The dominant direct ('unresolved') contribution derives 
from 5/ 7 (x 7)/ Up) = 5(1 — x 7 ) in ( 6.35| ) with the corresponding polarized cross sections for the 
direct subprocess 73 — > cc being readily obtained from that for gg — ► cc by dropping the nom- 
abelian (s-channel) part and multiplying by 2N c e 2 a/a s (fijp) where e c = 2/3. Note that the 
resolved photon contributions are relevant mainly for (real) photoproduction and that they are 
appreciable only at very high energies ^J~s^j > 100 GeV. Furthermore, there are experimental 
techniques to separate the resolved part from the direct photon contribution, see e.g. [|246|| . 
Figure |35] shows results for the pt and t]lab distributions obtained for the four different polarized 
gluon densities in Fig. p] for E p = 820 GeV and E e = 27 GeV p2|. The curve denoted by 



'resolved' is an estimated upper limit for the resolved photon contribution. It is negligibly small 
unless pt becomes very small. Also shown are the corresponding asymmetries A c which are 
much larger than for the total cross section if one goes to pt of about 10-20 GeV. Furthermore, 
the asymmetries are sensitive to the size and shape of the polarized gluon distribution used. 
Included in the asymmetry plots are the expected statistical errors 5A C at HERA which can be 
estimated from 

8A = 1 -^= , (6.37) 



PePpVCae ' 

where P e , P p are the beam polarizations, C is the integrated luminosity and e the charm detection 
efficiency, estimated to be P e * P p = 0.5, C = 100pb _1 and e = 0.15. 



6.3 Heavy Quark Production in Hadronic Collisions 

Hadronic heavy quark production proceeds via the (so far available) LO subprocesses 



bgbg^hh , bqbq^hh , (6.38) 
and appears to be a very sensitive and presumably the most realistic test of 8g(x,n 2 F ), since 5g 



enters 'quadratically' and the 5q5q contribution is small [183, |204| , |179| , |373[ |. Here the polarized 
pp RHIC collider (-^/i = 50 — 500GeV) with high luminosity (C > 10 32 cm~ 2 s _1 ) will play a 
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Figure 35: px~ and ry^s-dependence of the (negative) polarized charm-photoproduction cross 
section and asymmetry in ep-collisions at HERA [ |502| ] . The considered kinematic regions are 
— 1 < rjLAB < 2 for the ^-distribution and px > 8 GeV for the r^AS-distribution. The various 
curves correspond to the various polarized gluon densities in Fig. 32. For comparison, the 
'resolved' contribution to the cross section, calculated with the 'fitted' 8g in Fig. 32 and the 
'maximally' saturated set of polarized photonic parton densities, is shown by the lower solid 
curves. 
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decisive role [132, 529]. The differential cross sections for the subprocesses in Eq. ( |6.38 ) are 
given by [179 



d 
di 



Aa gg->hh = ^l^gg^hh _ a gg->hh^ 



TTCt 



2 3 



dt2 



8s 2 y s 2 3tu 



!_)P + fi 2_2m|£ (? + ~2 )] (63g) 



dt 



*hh 



d „ 



-a 



qq—fhh 



ira 2 4? + u 2 + 2mis 



tu 



2 a 



dt 



3s 2 3 



s 2 



(6.40) 



where db refers to the helicity of the incoming partons, a s = a s (fx F ) and t = t — mi, u = u — mi, 
i.e. s + t + u = 0. By integrating with respect to t the total cross sections are then easily 
obtained : 



l~6i 



[2(3/3 2 



y) In i±| + 5/3(5 - /? 2 )] 



Aff^-^S./iJ.) = -a 



qq-^hh. 



ira 2 4 
~9T3 



/3(3-/3 2 



(6.41) 



(6.42) 



with f3 2 = 1 — 4m?/s. The unpolarized differential and total cross sections for gg — > /i/i are well 
known [26£], with the latter being given by 



±.gg-*hh , ~gg^hh\ 



7TQ 



[(11-^ + 5^1. 



ii| + i«31^-59)] . 



(6.43) 

A NLO analysis of the polarized cross section Act 4 - 7 for heavy quark production is unfortunately 
still missing. 

For not too small polarized gluon densities, the total polarized cross section for heavy quark 
production (4m| < s < s) is dominated by the gg-initiated subprocess, because the contribution 
from the subprocess qq — > hh is marginal for large energies (y/s > 50 GeV). Although the latter 
can be easily implemented [179], we give here for simplicity only the result for the former cross 
section : 

.2 \jr„/' ,.2 \\-gg-*hh (il ,.2 



4m| 
1 



ds dx 1 dx 2 Sg(xi, fi F )Sg(x2, ^ F )Aa gg ^ (s, /j, f )8(s — xix 2 s) 



2 dxi 



dr 



dx 2 5g(x 1 , n F )5g(x 2 , ii F )i^a 99 ~* hh {x 1 x 2 s, fjip) 



— Aa^ hh (TS,VF)$gg(T,li 2 F 



,l _h T 



where the polarized gluon luminosity (flux) is given by 

®gg(i-, I*f) = t f —5g{xi,n 2 F )5g{—,n 2 F ) 



(6.44) 



(6.45) 
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The relevant spin-spin asymmetry is denned by 



A h 



pp 



pp 



(6.46) 



where the unpolarized cross section is analogous to the polarized cross section Eq. ( |6.44D, with 
g(x,fi F ) appearing instead of 5g(x,fi F ) and the unpolarized partonic cross section (|6,43| ) has 
to be used instead of Act. The typical scale to be used in ( |6.44| ) is again fj,p « 2mh- For the 
production of heavy quarkonia (J/tp, T, etc.) one proceeds in the same way except that in Eq. 
( |6.44 ) the region of integration has to be taken as 4m^ < s < 4m 2 D or Am 2 < s < 4m^, instead 
s < s. However, one faces here the additional bound-state model dependence as 



of 4m 2 h < 



discussed in the previous section [183, 204 1. The expected asymmetries (6.46) for total charm 



and bottom production at typical RHIC energies are shown in Fig. 36 for the various possible 
forms of 5g(x,fi F ) shown in Fig. 32. Although the asymmetries are very sensitive to the 
polarized gluon density 5g(x,Am 2 l ), they become relatively small at top RHIC energies, with 
Ap p being almost an order of magnitude larger than Ap p . It seems that realistic measurements 
of 5g will be possible preferably at medium RHIC energies, < 100 GeV, or at future HERA- 
N energies, yfs ~ 40 GeV (for a recent review see |387| 1, and references therein). It should be 
noted, however, that the introduction of apy-cut, as discussed in the previous section for charm 



photoproduction 502, 400 1, could result in sizeably larger asymmetries at high energies. 



6.4 High p T Jets in High Energy Lepton Nucleon Collisions 

A possible way to distinguish the spin-dependent parton distributions is to study jet production 



at HERA operated in the polarized mode [142, 45, 281]. The idea is based on the fact that 



the parton subprocesses j*q —* gq and j*g —* qq lead to a different large-pr behavior so that 
the contributions from 5q{x,n 2 F ) and from 5g(x,fi F ) might be distinguished. The undetermined 
QCD renormalization/factorization scale fip is taken to be /i F = Q 2 , although a choice like [ip = 
Pt is equally feasible. Unfortunately, at CERN (SMC), SLAC and DESY (Hermes) jet cross 
sections are difficult to measure because the signatures are minute at small y/s. Furthermore, it 
turns out that the polarization asymmetries for jet production even at HERA (^/s ~ 300 GeV) 
are not too large, and in view of the statistical error obtained for luminosities C ~ 100p6 _1 , 
cf. Eq. ( |6.37 ) with e ~ 1, one should not be too optimistic that 5g(x,n F ) can be determined 



from such measurements. Nevertheless, an overview of the physics issues will be given in the 
following. 

The result for < g\ > when written differentially in A = is 

A.£ dxg P( x ,Q 2 ,X) = ^^^ e 2[C F M g (A)(Ag + Ag)(^) + Ti? M 9 (A)A 9 (^)] ( 6 .47) 
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Figure 36: Asymmetries for the total charm and bottom hadroproduction, according to Eq. 
fl6.46p , at RHIC energies using m c = 1.5 GeV and mb = 4.5 GeV, for the four polarized gluon 
densities shown in Fig. 32. 



with Cf = 4/3 and Tr = 1/2, and where the functions M q (X) and M g (X) are given by 

12 + 11A 



AT, (A) 



M g {\) 



(1 + A) 3 / 2 VTTX-1 4A(1 + A) 



A 



A(4 + A) , VTTX + l 
in ■ 



(6.48) 



(6.49) 



2(1 + A) 2 4(l + A) 5 /2-^T+A_ 1 

As usual, one takes n 2 R = \xp = Q 2 . The important point to observe is [48] that M g {X) gives 
a negative contribution which, for a large positive Ag ~ 3 would be the dominant contribution 
in Eq. ( |6.47| ). However, this derivation is strongly idealized, because the negative M g gets 
a large contribution from the small-x region where measurements become difficult due to the 



large unpolarized cross section. Imposing a cut x > xq on the x-integration [281], typically 
= Q 2 /2MEi with xo<x<(l + A) _1 , the negative signal from M g is drastically reduced so 
that it is doubtful that this effect can be used to determine Ag. 

Instead of using a cut one can directly verify this finding by a study of the distribution 
dg 1 {x,Q ,A) ag a function of x and A |281|. The result is shown in Fig. 5^. It can be seen that 



only for x < 0.001 a clear negative signal in the perturbatively safe region > 4 GeV develops. 
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This feature has nothing to do with the particular Sg(x, Q 2 ) and 6q(x, Q 2 ) chosen for this plot, 
but is a consequence of the structure of the perturbative parton matrix element. 

So far in this subsection we have discussed the determination of the first moment Ag . Now 
let us come to the directly measurable x-dependent densities 5g(x, [ip) etc. In general, the cross 
section for polarized deep inelastic electron proton scattering with several partons in the final 
state 

eZ,(7) + p=>(P) — ► e~(/') + remnant(p r ) + parton l(pi) + . . . + parton n(p n ) (6.50) 
is generically given by 

dAa h n ad - et = J2 fdx f Sf{x f ,tJL 2 F ) dAaf(p = x f P,a.(&),tf i , l j? F ) (6.51) 
/ 

where the sum runs over incident partons / = q,q,g which carry a fraction Xf of the proton 
momentum. Aa? denotes the partonic cross section from which collinear initial state singularities 
are factorized out (in a next-to-leading order calculation) and included in the scale dependent 
parton densities 5f. A natural scale for multi-jet production in DIS may be n 2 R = n 2 F = 
1/4 (Ylj PtU)) 2 ' with the average p^{j) being defined in the Breit frame by 2E 2 (1 — cosOjp), 
where the subscripts j and P denote the jet and proton. Results about this cross section including 



HO effects can be found in [437, 23E |. If the jets are defined in a modified JADE scheme, the 
theoretical uncertainties of the two-jet cross section can be very large due to higher order effects. 
These uncertainties are smaller for the cone algorithm, which is defined in the laboratory frame. 
In this algorithm the distance AR = \J (Ar/) 2 + (Acj)) 2 between two partons decides whether 
they should be recombined to a single jet. Here the variables are the pseudo-rapidity rj and 
the azimuthal angle eft. Partons with AR < 1 are recombined. Furthermore, a cut on the jet 
transverse momenta of pr(J) > 5 GeV in the lab frame and in the Breit frame was imposed. 



Using the polarized parton densities (set A) of [264] it was found |239| 1 that the LO polarized 
dijet cross section Acr(2— jet) is —45 pb at HERA energies (y/s ~ 300 GeV). This negative result 
for the polarized dijet cross section is entirely due to the boson-gluon fusion process, which is 
negative for x < 0.025 and its contribution to the total polarized dijet cross section is -53 pb. 
The contribution from the quark initiated subprocess is positive over the whole kinematical 
range and contributes with 8 pb to the resulting dijet cross section. With these numbers one 
obtains a rather small average asymmetry of ~ —0.015. To obtain these numbers, polarizations 
of 70% for both the electron and the proton beams have been assumed. Note, however, that 
the shape of the polarized gluon density is hardly (or even not at all) constrained by currently 
available DIS data, in particular for small x. Alternative parametrizations of the polarized gluon 
distributions in the small-x region, which are still consistent with all present data p64j, [279(|, 



can lead to asymmetries which are a factor two larger. Although the dijet events are in principle 
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sensitive to this lower x range, the resulting numbers for the asymmetries are in general small 
because of the dominance of the unpolarized gluon density in the small-x region. 

Reducing the proton beam energy to 410 GeV, instead of the nominal 820 GeV, does not 
improve the signal, although the mean value of y is higher. The asymmetry signal increases only 
for a few points around x > 0.1, since a lower incident energy probes slightly higher values of x 



437, 239 



One may also have a look at large-pT jet photoproduction [502]. In that case the generic 



cross section formula for the production of a single jet with transverse momentum pr and 



rapidity r\ is similar to that in ( 6.34 ), the sum now running over all properly symmetrized 



2 — > 2 subprocesses for the direct (76 — ► cd) and resolved (ab — > cd) cases. The corresponding 



differential helicity-dependent LO subprocess cross sections can be found in [71] for the case that 
only light flavors are involved. One may neglect the charm content of the nucleon and consider 
charm only contributing as a final state via 73 — ► cc (for the direct part) and gg — > cc, qq — > cc 
(for the resolved part). 

Just as for the case of heavy quark photoproduction it turns out that the resolved photon 
contributions are at most subdominant (in the 'maximal' scenario studied by |502j ]), if not 
negligible. As these authors have found, the 'direct' cross sections are fairly large over the whole 
rapidity range, and also as a funtion of pr, and sensitive to the shape and size of Sg(x,p T ) with, 
unfortunately, not too sizeable asymmetries as compared to the statistical errors for C = 100 
pb _1 . A measurement of 5g thus appears to be possible under the imposed conditions only if 
luminosities exceeding 100 pb _1 can be reached. 

6.5 Semi— Inclusive Polarization Asymmetries 

A straightforward idea to study polarized DIS in more detail is to analyze semi-inclusive cross 
sections. Heavy quark production as discussed in Sect. 6.2 and 6.3 is an example for this. 
Another possibility is to tag for light quark hadrons, like the pions, kaons or protons, in order 
to obtain information on the spin flavor content of the nucleon, i.e. consider the process 

e + p^e' + H + X. (6.52) 

The charged hadrons H most suited for this analysis are mainly -k^ and but also p and p 
may be interesting [24]. Recently, tt° production has been used as well for extracting 5s(x,Q 2 ) 



[fTCfl . In particular one can compare cross sections of hadrons with positive and negative electric 
charge to obtain additional information. In the unpolarized case and within the framework of 
the LO-QCD quark parton model the cross section is given by 



lda ± = E g , g ^g(x,Q 2 )Df(z,Q 2 ) 



(6.53) 
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where a is the inclusive cross section and one is considering the production of hadrons . The 
fragmentation function D^(z,Q 2 ) represents the probability that a struck quark with flavor q 
fragments into a hadron H carrying fractional momentum z of the parent (=struck) quark q 



(see, for example, 38, |463| 1 ) , In NLO the cross section in ( 6.53 ) does not factorize in x and 
z anymore, but instead one has more complicated double convolution integrals over parton 
densities, fragmentation functions and Wilson coefficients 25£]. 

In the polarized case one may define asymmetries Af, similar to the inclusive asymmetry 
Eq. ( |2.10| ), namely 



a i/2 °3/2 
_± i _.± 
°l/2 a 3/2 



In analogy to (|6.53j ) these semi-inclusive asymmetries in LO-QCD are given by 



E g , g ffig(x,Q 2 )£f(z,Q 2 

E^(*,Q 2 )^,Q 2 ) 



(6.54) 



(6.55) 



This result holds under the (to some extent questionable) assumption that the fragmentation 
functions do not depend on the quark helicity |249| , |172| . The idea then is to take the q{x, Q 2 ) 
and the D^(z, Q 2 ) from other (unpolarized) experimental data and use the measurement of Af 
to determine the Sq(x, Q 2 ). By using different targets (proton, deuteron and 3 He) one measures 
different linear combinations of the 5q(x, Q 2 ) according to Eq. (6.55). For example, the deuteron 
cross section is considered the sum of the proton and neutron cross section, corrected by the 
D-state factor 1 — |u>_d, as will be discussed in Sect. 6.10. Because of isospin symmetry 
the asymmetries for proton and neutron are related by exchange of up and down quarks and 
antiquarks. To increase the statistics, the LO relation ( 6.55| ) is sometimes integrated over the 

Jo 2 dzDg(z, Q 2 ) is used in (|6.55| ) instead of D^(z, Q 2 



measured z-domain 



i.e. D«{Q 2 ) 



One may take higher order QCD corrections to Eq. ( 6.55 ) into account. The NLO corrections 
to the denominator of the asymmetry are well known |259| ] , and the NLO corrections to the 
numerator have been calculated too |160| , 244]. In the MS scheme, where the anomalous gluon 



contribution is hidden in the definition of the singlet quarks AS, the NLO corrections turn out 
to be much smaller than the present experimental accuracy. Furthermore, present measurements 
p4| ] do not involve the small-x region x < 0.005. 

If one considers the production of the 6 charged hadrons ir^, K^, p and p from 3 quarks 
and 3 antiquarks, there are in principle 36 independent fragmentation functions. Among these 
the fragmentation functions of strange quarks into pions can be neglected. The fragmentation 
functions of non-strange quarks into pions can be obtained, for example, from EMC measure- 



ments [61] by using charge conjugation and isospin symmetry. The number of independent 



fragmentation functions can be further reduced by assumptions like D 



(K~=us) 



D 



(K~=us) 



and 



D 



(K-=us) 



D 



(w =ud) 



for unfavored and favored fragmentations, respectively, so that finally the 
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number of independent quark fragmentation functions is 6. In addition there are the three gluon 
fragmentation functions Djf(z, Q 2 ) which in LO enter only via the evolution equations, whereas 
in NLO they enter the cross sections and asymmetries ( 6.55| ) directly. 



The quark fragmentation functions together with the unpolarized parton densities and 
a measurement of the spin asymmetries of proton and deuteron and/or 3 He serve as input 
to determine all the valence and sea quark densities 5q v (x,Q 2 ) = 5q(x,Q 2 ) — 5q(x,Q 2 ) and 
5q sea (x, Q 2 ) = 25q(x,Q 2 ) (q=u,d,s). If one measures the spin asymmetries in certain x-bins, 
there is for each x-bin a system of linear equations for the 6 unknown spin distributions. The 
weight of the strange quark distributions in these equations is marginal, so that they cannot be 
determined. Recently, however, asymmetries for ir° = + 7r~) production off a 3 He target 
have been measured |7(J which allow the extraction of — according to a suggestion of |249|| . 
Although the statistics is still inferior, there is an indication that 5s(x,Q 2 ) turns negative for 
x < 0.1 and vanishes at larger values of x as theoretically anticipated. The statistical errors 
of present polarized experiments are so large that the power of the method can be increased 
by the additional assumption 5u(x,Q 2 ) = 5d(x,Q 2 ) = 5q(x,Q 2 ). Finally one is left with 3 
unknown functions 5u v (x,Q 2 ), 5d v (x,Q 2 ) and 5q(x,Q 2 ). These have been determined in a re- 
cent analysis by the SMC collaboration p4[ for 12 x-bins between 0.005 and 0.48 and assuming 
Q 2 -independence of the asymmetries. Their results show that at the present stage this method 
is not really accurate enough for a quantitative analysis. Typical errors are about 50% or larger. 
However, in future this method will be certainly very fruitful to discriminate between the po- 
larized up and down and sea quark contribution. A check on the consistency of the procedure 
is possible by using the relation 

Q 2 ) ~ 9i(x, Q 2 ) = l[Su v {x, Q 2 ) - 5d v (x, Q 2 )] + 0{5u - 5d) + {HO - QCD) . (6.56) 
o 

The l.h.s. of this equation is obtained from inclusive data while the r.h.s. can be obtained from 
the semi-inclusive asymmetries. In addition the assumptions 5u(x, Q 2 ) = 5d(x,Q 2 ) and the 
smallness of the HO corrections can be checked. 



An alternative procedure, in case of pions, has been suggested by [ 249 1 . These authors 
consider the asymmetry 



^mixed 



(°l/2 CJ l/2) (°3/2 CJ 3/2) ^ 5 ^ 



(°l/2 a i/2) + ( (T 3/2 "3/2 



where 'mixed' refers to the combination 7r + — it of tt^ production, for example, and which has 
a simple expression in terms of up- and down-quark densities, 

Amixed = 77. ~a ■ ( 6 - 58 ) 
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For the combination ir + — tt the fragmentation functions cancel and thus rj = 1. If, however, 



the hadrons are not identified, as in the SMC experiment [24], the factor r\ has to be evaluated 
by averaging the relevant fragmentation functions and is found to be about 0.5 for z > 0.2. 
This method, however, is not as simple as it looks, because the spectrometer acceptance is 
different for positive and negative hadrons and the ratio of these acceptances does not cancel 
in the asymmetries Eq. ( |6.57 ). Still one can measure this ratio and correct for the acceptance 



difference. Finally, the quark distributions 5u v and 5d v obtained this way should be in agreement 
with the distributions obtained from Af. 

There is the possibility to obtain information on 5s by looking at processes with fast kaons 
(K~ = us) in the final state [172]. These have a high probability to contain the initial struck 



quark, i.e. a fast kaon can be a signal for a s or u quark struck by the photon. Observation of 
the corresponding polarization asymmetry ^4f^ ast is a signature of the existence of a polarized s 
resp. u sea. However, there are strong systematic uncertainties in such an experiment because 
some contribution will arise from ss pairs created in the photon-gluon fusion process. 

Polarization asymmetries for semi-inclusive pion production have been measured from dou- 
bly longitudinally polarized (anti)proton-proton collisions at the Fermilab SPF |l^| resulting in 
Af L ps for 1 < pf < 4 GeV at E p beam = 200 GeV, i.e. y/s = 20 GeV. It should be pointed out 



that this result does not necessarily imply a vanishing [12, 45£] gluon polarization Ag, but is 
equally consistent with a large Ag ~ 3 — 6 [ pT6f . A clean distinction between a large and a small 
Ag scenario could be achieved, if it were possible to perform such a semi-inclusive experiment 
at, say, y/s « 100 GeV with pf > 5 GeV gig] . 

6.6 Information from Elastic Neutrino— Proton Scattering 

(Quasi)-elastic neutrino-proton scattering {yp — ► vp) is mediated by the exchange of the Z 
boson. Since the parity violating Z-quark coupling involves 7^75, the unpolarized cross section 
will depend on the proton matrix element of the axial vector current. As will be shown below 
this offers in particular the possibility to measure a combination of the strange quark matrix 
(p|s7 M 75s|p) and the anomalous gluon component. Theoretical aspects of this process have been 



reviewed by |371| and more recently by [35|. A very readable experimental paper on the subject 
isj3§. New neutrino experiments like CHORUS, NOMAD, ICARUS, MINOS, COSMOS, etc. 
[439] aimed to search for neutrino oscillations are taking data or are under preparation and 
could also be used to get information on the NC neutrino (and antineutrino) elastic scattering 
on protons. 

The one-nucleon matrix element of the hadronic neutral current has the form 



{P 1 \J» \p) = u(p') 



7 M if (Q 2 ) + JL a^F&OQ*) + l,l,G z A {Q 2 ) 



u(p) . (6.59) 



As will be explained now, Fy, F^ and G\ can be written as linear combinations of normalized 
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matrix elements ('form factors') of the following U3 x U3 quark currents : 

1 



V° 



The normalized form factors are defined according to 



{n( p ')\v^\n( jp )) = u{p') 



(N(p')\V*\N(p)) = u(p') 



F°' 8 (Q- 2 h, + F»> s (Q 



F?(Q 2 )^ + F$(Q 2 



0,8/ r) 2\ ^<J M^ ( i , 



2M 



u(p) 



2M 



(6.60) 
(6.61) 

(6.62) 
(6.63) 



(N(p') \A°/\ N(p)) = G° { 8 (Q 2 M P ') lfll5 u(p) 
[N(p') \V*\ N(p)) = Gl(Q 2 )u(p') ltMl5 T 3 u(p) . 



(6.64) 
(6.65) 

3 8 9 

The four vector form factors F 1 ' 2 can be measured in electromagnetic scattering. At Q = 
they are given in terms of the anomalous magnetic moments kn of the nucleons by 



*?(0) = I 



Fi(0) = \{n P 



Ff{U) = ^V3 F|(0) = ^V3(k p + n n ) . 



The Q 2 — > limit of F® is the baryon number, 

*f(0) 



1. 



(6.66) 
(6.67) 

(6.68) 



-38 

The nonsinglet axial vector form factors at zero momentum transfer are related to the 
constants F and D introduced in hyperon semileptonic decays, cf. Eqs. ( |5.10| ) and ( |5.11| ), 



G\{<S)= l ~{F + D) = \ 9 -* Gf(0) 
2 2 g v 



(3F - D) 



(6.69) 



One is left with two singlet form factors undetermined at Q 2 — > 0, F§ (0) and G5(0). (0) is 
the 'anomalous baryon number magnetic moment'. Gi(0) is the singlet axial current form factor 
relevant to spin physics. Both i 7 ^ and G® can be measured in elastic neutral current scattering. 
In the naive parton model G^O) can be expressed by the singlet polarized quark density AS 
introduced in Sect. 5. As discussed in detail in Sect. 5, higher order QCD corrections may 
introduce, within certain schemes, an anomalous gluon contribution. 
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Since the hadronic neutral current is a linear combination of the U$ x C/3 currents and 

ACL 

J l= E + ( 6 - 7 °) 

a=0,3,8 

its matrix element Eq. ( |6.59| ) and thus the form factors Fy, F^ and G\ appearing on the r.h.s. 

of Eq. (gjp can be given as linear combinations of the normalized form factors F 1 ' 2 ' and 

^0,3,8 

F$= v " F i F m= E ^ Gi= 2 a a Gf. (6.71) 

a=0,3,8 a=0,3,8 a=0,3,8 

To lowest order the coefficients v a and a a are determined by the vector and axial vector couplings 
of the Z to the quarks and given by 

v = -]- v 3 = 1 - 2 sin 2 6 W v 8 = -=(l - 2sm 2 9 w ) (6.72) 
2 y3 

a = ~ a 3 = -1 a 8 = --^= . (6.73) 

The impact of these results, and in particular of the last relation in Eq. (|6.71D , on spin 
physics is as follows: In the naive (i.e. non-QCD) parton model there is no Q 2 dependence and 
one can identify the axial vector form factors with combinations of first moments of polarized 
parton densities, for / = 3 active flavors, 

G? = hA(u+u)+A(d+d)+A(s+s)} G\ = \[A{u+u)-A(d+d)} G\ = -^=[A{u+u)+A(d+d)-2A{s+s)] 
3 2 v 12 



(6.74) 

If these results are combined to G Z A in Eq. fl6.71p , one finds that G\ measures the following 
combination of first moments 

G\ = --[A(« + u) - A(d + d)- A(s + s)} . (6.75) 

This is an important result because it shows that (quasi)-elastic neutral current processes al- 
low to determine a linear combination of first moments of polarized parton densities, which is 
independent and different of what is measured in polarized deep inelastic electroproduction. 

Higher order QCD, QED and quark mass corrections to this result have been estimated by 
[ |371| ] to be small. There is some effect from the renormalization group running of ao between the 
scale < 1 GeV at which the hadronic matrix elements are defined and the scale mz at which the 
couplings are given. The effect of this running can be summarized as effectivly replacing ao = \ 
by ao ~ 0.48. The running of the other couplings can be neglected to a good approximation. 
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The discussion so far seems to imply that elastic neutrino scattering is an extremely elegant 
method to determine the spin of the proton. Unfortunately, the above discussion is not the whole 
story. The point is that to fit neutrino-hadron scattering data one needs the form factors at 
Q 2 7^ and there is a significant Q 2 -dependence due to the finite extension of the proton. The 
exact Q 2 -dependence of the form factors being unknown, a dipole approximation of the form 
~ (1 + Q 2 /M^,)~ 2 is usually applied. In these expressions new phenomenological parameters 
Md (different for each form factor) appear, which have to be determined experimentally. This 
uncertainty in the Q 2 -dependence reduces the potential of the method very much. Recently, a 
method has been suggested by to reduce this sensitivity on the poorly known (non-strange) 
axial form factor and increase the accuracy and sensitivity to the strange axial form factor (As) 
by considering a certain combination of neutral and charged current neutrino and antineutrino 
cross sections, namely the asymmetry 



A N (Q 2 



da 



NC 
uN 



da 
dCp 



NC 
DN 



da 
dip 



CC 



da 
dCp 



CC 



up 



(6.76) 



In principle, it should be possible to obtain information about the proton spin from the investi- 
gation of the quasi-elastic CC processes + n — > \x~ + p and + p — > + n. However, the 
existing CC data are not accurate enough to compete with the NC elastic scattering data ff260([ . 
These and other suggestions are awaiting the experimental tests. For example, a measurement 
of G*5 in elastic scattering of unpolarized electrons off unpolarized protons might be feasible, 
because the forward backward asymmetry of the elctrons in the cms is determined by the 7— Z 
interference terms and these in turn are proportional to G\. 



6.7 The OPE and QCD Parton Model for g 3 and #4+5 

In Sect. 2.4 the 'kinematics' of polarized charged and neutral current processes has been in- 
troduced and the structure functions 93,4,5 have been defined. In this section we want to 
discuss the parton model and the phenomenological consequences of polarization effects in- 
volving charged and neutral currents. Further information can be found in the literature 

32 



358 



[188, 396, [515, g53, 462 



54]. The first reference | 188 | is an old review and sum- 
marizes the theoretical articles [446, 195, [H], 374, 138] from before the startup of the CERN 
experiments. Just as for g\ the naive parton model can be applied as a first approximation, 
whenever longitudinally polarized leptons probe longitudinally polarized protons (P M = MS^) 
at high energies (much larger than Aqcd)- Under this condition the relevant structure functions 
in the hadronic tensor Eq. ( 2.31| ) are 93 and 94+5 := 94 + 95. 

Let us first consider neutrino nucleon scattering up — > l~ X which proceeds via W + exchange. 
(Analogously, for antineutrino scattering, vN — > l + X refers to the charged W~ current.) The 
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results can also be taken over rather directly to the charged current reactions l + p — > vX. 
Neutrinos couple to d-type quarks and to n-type antiquarks so that the densities of these partons 
will appear in the structure functions. In principle, one has also to take into account the proper 
CKM mixing occuring at the charged current vertex. However, if one considers the contributions 
of 4 flavors (u,d,s and c), one always encounters the factor cos 2 9 C + sin 2 9 C = 1. One can get the 
parton model expressions for g^ and 54+5 by an explicit calculation of the lowest order processes 
and by comparing it to the general form of the hadron tensor (|2.28j ) 

gl N {x, Q 2 ) = Sd(x, Q 2 ) + 5s(x, Q 2 ) + 5u(x, Q 2 ) + 8c[x, Q 2 ) (6.77) 

gl N {x, Q 2 ) = -[5d(x, Q 2 ) + 5s(x, Q 2 ) - Su(x, Q 2 ) - 6c(x, Q 2 )} (6.78) 
g^(x,Q 2 ) = ^93 N (x,Q 2 ) (6.79) 

where the index vN always implies W + exchange. One obtains the corresponding formulae for 
vN (W~ exchange) by the flavor interchanges d «-> u and s *-* c. The contribution of g^-^ to 
the cross section vanishes in the framework of the QCD improved parton model. 

Some remarks are in order. Due to the charge conjugation property of 75 the antiquarks 
always appear with an opposite sign in #3 and g^ + ^ as compared to g\. As discussed in Sect. 5, 
the sum 

J 1 dx{g\ N + g\ N ){x, Q 2 ) = AS — f^Ag(Q 2 ) (6.80) 

is a measure of the axial vector singlet current matrix element and its measurement would be a 
nice way to verify the value of AS — f^Ag without recurrence to the low energy determination 
of the matrix elements A3 and A$ . In contrast to g\ , the structure functions 53 and #4+5 measure 
solely nonsinglet combinations of parton densities (just as F% in unpolarized DIS), so that they 
do not get a contribution from the gluon densitiy. They can yield informations of the following 
type : For example, by scattering on an isoscalar target one could find out , how large the 
polarized strange quark sea is: 

(93 N ~ 9l N )y{x, Q 2 ) + (93 N ~ 9l N Ux, Q 2 ) = 2(5c + 5c-5s- Ss)(x, Q 2 ) . (6.81) 

Other combinations have been studied by |432f | and ||54]| . Furthermore, it should be mentioned 
that the treatment of the charm quark contributions to the above structure functions in terms 
of a massless intrinsic density 5c(x, Q 2 ) = 5c(x,Q 2 ) is controversial. It is more appropriate to 
calculate the heavy quark contributions to neutral and charged current processes perturbatively 
via the subprocess W + g — > cs R515H , for example. 

Just as F\ and F2 in unpolarized DIS, 33 and 94+5 are related by a Callan-Gross like relation, 
Eq. ( |6.79| ), originally derived by [|203[| . This relation will be violated beyond the leading order 
of QCD, except in the case of neutral currents where 53 and 54+5 do not receive a gluonic 
contribution to 0{a s ) |396j , |51E( ]. Further new relations analogous to the Wandzura-Wilczek 
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relation for g 2 (c.f. [|520|] an d Sect. 6.9) have been recently derived from a study of the twist-2 
and twist-3 OPE |107|, tLOSfl - 

The close relationship between unpolarized and polarized DIS in the limit Q 2 — > oo , in 
which only longitudinal polarization survives, becomes very transparent within the OPE. In the 
high energy limit one can stick to the leading twist-2 operators, and the OPE for the hadronic 
tensor reads 



2 

Q 2 



fjUl— Mn— 1 t/ti i /^ CT A t i--A t n-i j^-n 



+ 1-5m<t + — 2~ 



CMl-.-Mn-lTirJl | /-.""Ml-.-Mn-l 



Q 



1705.82) 



where i?j are the operators relevant for polarized scattering (Eqs. ( [4.72| ) and ( 4.73f )) and Qi are 
the corresponding operators for unpolarized scattering (essentially the same as Eqs. fl472D and 
( |4.73|) but without a 75). Ef, Cf, V™, Xf, W™ and Y™ are the corresponding Wilson coefficients. 
For example, E™ is related to the structure function g±, Cf to the structure function F3 etc. 
More precisely, one has [ 462 ] 



1 

J dxx n - 1 F 1 (x,Q 2 )= J2 b n X ?(Q 2 /^^s) n = l,3,5,... 



(6.83) 



J dxx n - 2 F 2 (x,Q 2 ) 




= 2 Y.VnYi n {Q 2 /n\a s ) n = l,3,5,. 

i 

J dxx n - 1 F 3 (x,Q 2 )= \Y,VnC?(Q 2 /f,a s ) n = l,3,5,. 
i 
1 

dxx n - 1 g 1 (x,Q 2 )= \Y<<K{Q 2 /» 2 ,<»s) n = l,3,5,. 



1 

y dxx n ~ l gz{x, Q 2 ) = <Vr(Q 2 /v 2 , a s ) n = 1, 3, 5, . . 



(6.84) 
(6.85) 
(6.86) 
(6.87) 
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1 

I dxx n - 2 g 4+5 (x,Q 2 ) = 2 ^aiWfiQ 2 /^,^) n = 1,3,5, 



(6.88) 



where the a^(6JJ are the matrix elements for a (un)polarized proton, cf. Eq. ( 4.74| ). From 
these equations the Callan-Gross relations are apparent, because in leading order all Wilson 



coefficients are equal to 1. For more details we refer the reader to [462, 107, 108]. 

Let us now turn to neutral current exchange where the description is similar, although 
somewhat complicated by the jZ- interference. In LO the parton model predictions for the 
structure functions are 

gf{x, Q 2 ) = e q v q (5q + Sq)(x, Q 2 ) (6.89) 
q 



gl (x, Q 2 ) = e q a q( s <l ~ ^q)(x, Q 2 ) 
q 

9l Z (x, Q 2 ) = \ J> ? 2 + a 2 q )(5q + 5q)(x, Q 2 
q 

gl z {x,Q 2 ) =Y,v Q a q (5q-5q)(x,Q 2 ) 
q 

where v q and a q are the vector and axialvector coupling of the quark flavor q to the Z°, 



(6.90) 

(6.91) 
(6.92) 



^sin 2 9w, a u 



i 

2 

, -yZ,ZZ 

has gl + ' 5 



i, cf. Sect. 2.4. Furthermore, one 
NLO contributions can be found in 
32] , [515| , 505 1 . For comparison let us include here the corresponding LO relations 



2,r (/." ^ " 



2 + ^sin 2 9\y and 
and gj as before, cf. Eq. 



for the unpolarized structure functions, namely F l 



z2i e q v q, v l + a 2 q )(q + q), K 



qZ.ZZ 



2^2(e q a q ,v q a q )(q — q) and F^ z,zz = 2xF^ Z,ZZ . For the charged current processes l + N — > vX 



one can take over the expressions for g" N etc. from above, Eqs. ( 6.77| )-( |6.81| ). 



6.8 Single Spin Asymmetries and Handedness 

Single spin asymmetries Al = f^^f^ are asymmetries that arise if only one of the external 
particles is longitudinally (or transversally) polarized. In deep inelastic lepton nucleon scattering 
at Q 2 < < m 2 z all single spin asymmetries vanish - at least within the framework of the (twist-2) 
parton model - and the same holds true for many processes at RHIC, like direct photon, heavy 
quark or jet production. Still, there are circumstances under which nonvanishing single spin 
asymmetries arise. For instance, many authors have tried to derive single spin asymmetries 
from higher twist effects like the intrinsic transverse momentum of the partons within hadrons 



[486, 487, 177, 115, 215, 451, 452, 39£, Ell 507, 67, 51, 52, 53, 387]. Such considerations have 
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been triggered by several experiments which have shown that single spin asymmetries can indeed 
be large both in semi-inclusive pp^ — > irX ]l3|, [l4|, |l9| and exclusive pp^ — > |3^, 141, 186 ] 



reactions. These ideas go beyond the perturbative QCD (twist-2) parton model and are more 
difficult to test than the parton model inspired predictions which usually lead to double spin 
asymmetries. Another example of single spin asymmetries is the possibility to determine the 
spin of final state particles, like the handedness of jets. All these ideas and approaches will be 
discussed at the end of this section. We shall start the discussion with a leading, twist-2 source 
of single spin asymmetries which is due to weak interactions, i.e. the presence of parity violating 
couplings in processes in which and Z° are involved. In such processes the 75 from the 
polarized particle and the 75 from the axial vector coupling combine in the matrix element to 
give a nonvanishing single spin asymmetry even within the ordinary parton model. This point 
will be discussed first in this section because it can lead to drastic effects and, at RHIC, is an 
independent way to determine the polarized parton densities. 

Let us recall that in unpolarized proton scattering the production of W's via pp — > W^X 
is sensitive to the form of the antiquark distributions, because the dominant contribution to 
the cross section comes from the quark-antiquark fusion reactions ud — > W + and ud — > W~ . 
The same holds true for polarized scattering where at least one of the protons is polarized. The 
corresponding single spin asymmetry is given by 

P V _ a^-a^ _ 5u(x 1 ,m^ v )d(x 2 ,m^ v ) - (u <-> d) 
s±L — — — 7 9 \ 7/ 7 tT • (D.yo) 

ow+cr^ u(xi, mfo)d(x 2 , mfc) + {u *-> d) 

Note that for kinematical reasons A^ v depends only on y = ln^i because one has x\ = T^re y 
and x 2 = ^f-e-w. Eq. ( Up is a crude LO approximation but it shows how sensitive one is 
to the polarized antiquark densities. A phenomenological analysis on the basis of this formula 
has been presented by |120| , [493[] for the RHIC machine parameters chosen to be yfs = 0.5 TeV, 
L = 2 x 10 32 cm -2 sec -1 and a polarization of 70%. The resulting single spin asymmetries are 



shown in Fig. 38 as a function of y. In ref. [pL 19f] the analysis has been extended to processes 
like pp — > + jet + X. The corresponding single spin asymmetries are shown in Fig. ^ as 
a function of pt- Later on, a Monte Carlo study including collinear gluon bremsstrahlung has 



been carried out by 472 1. The full NLO-QCD calculation has been performed by [5251- 

In principle, there are two other parity violating asymmetries which can be measured if both 
protons are polarized, namely 



A P L Lven{y) = U t/t ( 6 - 94 ) 



and 



A P L V Lod M = (6-95) 
ax + ax 
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Figure 38: The parity violating spin asymmetries for and Z° production as a function of 
y under RHIC conditions 1 120] . The curves correspond to a suggested choice of the sea quark 
polarizations, cf. ref. f|ll£ 
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Figure 39: The parity violating single spin asymmetries in pp — > + jet at y=0 as a function 
of pt under RHIC conditions. The results are taken from ref. [US]. 



Note that if parity is conserved one has a a ^ = cr_ a _b and a a = 0- a so that all these asymmetries, 
including A? , vanish. In the parity violating production process they are given in leading 



order by [120 



a pv ^ = [Su(x 1 ,mf v )d(x 2 ,mf v ) - u(xi, m 2 w )5d(x 2 , m 2 w )\ - [u <-> d] ^ 
[u(x 1 ,m^ ¥ )d(x 2 ,m^ v ) - 5u(x 1 ,m^)Sd(x 2 ,m^)] + [u <-> d] 

and 

a pv , y \ = [u(xi,ml v )5d(x2,m^ v ) + 5u(x 1 ,m^)d(x 2 ,m^ v )] - [u <-> d] 
[u{xi,m^)d{x 2 ,ml v ) + 5u(xi,m^)5d{x 2 ,m^)] + [u ^ d] 

with the property A^Y even (y) = ^l even {-y) and A^ odd (y) = -A^[ M {-y) and again sensitive 
to the polarized sea. 



Results for these asymmetries are included in Fig. 35 , obtained under the assumptions of ref. 



These authors have suggested that one should make the approximation 5u(xi)5d(x 2 ) « 
u(xi)d(x 2 ). In that case the three asymmetries are not independent quantities any more but 
A^Yeveniv) an d ^LLoddiv) can be expressed in terms of Af i v (y) and A^ v (— y). Whether this 
approximation is reasonable or not will be shown in future. In any case, among the three, A^ v 
is certainly the most interesting one because it will have the smallest statistical error. This is 
true despite the fact that the single spin asymmetry will be smaller in absolute magnitude than 
the double spin asymmetries by roughly a factor of 2. 
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Similar considerations as for W-production apply for Z-production at RHIC. One may also 
consider the Z-contribution to the Drell-Yan process pp — > , Z* — ► /i + which is relevant 
for large invariant masses of the n + n~ pair. There have been studies of large-pr W [US] 
(and also large-pr Z* 1 406 , 407] and large-pr jet production) induced by the higher order 
processes q^qj — ► Wg and q^g — ► qjW, where i / j denotes the quark flavor. Let us discuss 
now qualitatively the significance of these processes for the determination of the polarized gluon 
density 5g(x,n 2 F ) where \ip may be roughly chosen as fip (p T + m^)/4. If the beams are 
polarized and the initial partons are carrying a given helicity, one has for the Compton-type 
scattering process qi(h)g(X) — ► qjW the parton level cross section 

I = i5^?5< fc - 1 >^ +fl '< 1 - x » (6 ' 98) 

where c\ = (s — m^) 2 + (u — w-fy) 2 and C2 = 2(u — m^) 2 . For q~i(h)g(\) — > <7jW the same 
formula holds but with h ^ —h and A — > — A. The resulting parton level single spin asymmetries 
are a£ y = 1 for polarized quarks and a L v = 1 — ^ for polarized gluons. Since the last quantity 
is rather small on average |119| ], the single hadron helicity asymmetry will be dominated by 
polarized quarks and is not very sensitive to 5g. 

If it were possible to determine the polarization of the outgoing photon or jet, one would 
have nonvanishing single spin asymmetries in processes without parity violation. Namely, one 
could study processes like q + g — > g + 7 or q + g — > q + g etc. either at RHIC or one could use the 
energetic unpolarized proton beams of the Tevatron pp or HERA ep colliders (E p ~ 1 TeV) to 
be scattered off a polarized fixed proton target. In the former case one would have to measure 
the circular polarization of the final state photon. This is quite difficult. It could be done either 
by selective absorbtion using a polarized detector [ 187 ] or by making use of the fact that in high 
energy photon induced showers the longitudinal polarization is conserved to a good degree of 



accuracy J43l|, |293|| . In the latter case an unpolarized quark collides with a polarized gluon and 



one would have to measure the polarization of the outgoing quark jet. It has been speculated 



[442, |211| , 191, p!3| that information about the polarization of the initiating parton, i.e. the 
outgoing quark, can be obtained from the 'handedness' of a jet. As will be discussed below, 
present experimental data show unfortunately so far no evidence for this concept to be relevant. 
Here handedness is defined as follows: consider the triple product of vectors S := t ■ {k\ x fo) 
where t is a unit vector along the jet axis, and k\ and &2 are the momenta of two particles in 
the jet chosen by some definite prescription, e.g. the two fastest particles. The jet is defined as 
left(right)-handed if S is negative(positive). For an ensemble of jets the handedness is defined 
as the asymmetry in the number of left- and right-handed jets, H := jvg<o+^s>o ' ^ can ^ nen 
be asserted that H = aP where P is the average polarization of the underlying partons in the 
ensemble of jets and a is the 'analyzing power' of the handedness method. 

In order to obtain information about 5g(x,^L F ) from processes like p + p — ► jet + X one 
needs to know the value of a. It has been attempted O to determine a from jet production at 
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SLD where a polarized Z-boson decays into two jets originating from a qq pair. The quark and 
antiquark in a Z° decay have opposite helicities. The SM predicts P U)C 0.67 and Pd. s ,b ~ 0.94 
for the average polarizations of quark flavors so that the quarks are produced predominantly left- 
handed and the antiquarks predominantly right-handed. In order to observe a net polarization 
in an ensemble of jets from Z° decays it is necessary to distinguish quark jets from antiquark jets. 
This separation can be achieved at SLC where Z° bosons are produced in collisions of highly 
longitudinally polarized electrons with unpolarized positrons. In this case the SM predicts a 
large difference in polar angle distributions between quarks and antiquarks. Unfortunately, no 
evidence for handedness was found by the SLD collaboration This negative result seems to 
imply that the connection between the polarization of the hard partons before the fragmentation 
and the orientation of the final state hadrons is very loose and washed out by confinement effects. 

Instead of producing and delineating a polarized photon, Drell-Yan dilepton production has 
been suggested as a probe for polarized densities : here either the polarization of one of the final 
leptons in pp — > 7* A" — > fi + fl~X has to be measured [180], or the angular distribution of the 
produced lepton pair [144] as a polarimeter for the virtual intermediate photon. 

Similarly, instead of producing a polarized jet (quark), semi-inclusive polarized single- 
particle (e.g. A ) production has been suggested and analyzed as well. Either e + e~ — > AX 

tl5|, 416| , 376], where in the latter case a longitudinally polarized lepton 



pq| or IAX (342 



beam instead of a polarized nucleon target could do as well as a sensitive probe of 5g(x,Q 2 ). 
Here the (time-like) polarized fragmentation functions SD^(z, ,Q 2 ), f = q,q,g also enter, which 
are defined in analogy to the space-like polarized parton densities. Theoretically these processes 
have been studied rather thoroughly during the past few years, not only in LO, but in NLO as 
well |4§ Hi- 

Finally, we want to come back to higher twist contributions as a source of single (transverse) 
spin asymmetries Aj^. Let us first discuss semi-inclusive reactions such as pp^ — > ttX and 



ppi 



7-X". At present, there are basically 3 sources for a nonvanishing 



(i) dynamical contributions, i.e. 'hard' partonic twist-3 scattering effects, which result from 
a short distance part calculable in perturbative QCD combined with a long distance part related 
to quark-gluon correlations [215, 45 1| , |452 , 



(ii) intrinsic kx effects in parton distribution functions which, being non-perturbative uni- 
versal nucleon properties, give rise to twist-3 contributions when convoluted with the hard 
partonic scattering cross sections. Such contributions are usually referred to as 'Sivers effect' 



51, 440, 441, 3881; 



(iii) intrinsic &t effects in the parton fragmentation functions which is known as 'Collins' or 
'sheared jet' effect ffn], gl], g4l], |67[. 



A typical example for dynamical quark-gluon correlation contributions (i) to direct-7 pro- 
duction is depicted in Fig. g^. They give rise to Aj^ ^ and correspond to fermionic (quark) 
pole [215] and/or gluonic pole [451, 452 , 222] dominance in the calculation of the twist-3 par- 
tonic scattering cross sections. Clearly, single spin asymmetries for direct-7 production are not 
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(a) (b) 

Figure 40: Sample twist-3 quark-gluon correlation diagrams corresponding to fermionic (a) 
and gluonic (b) pole contributions which give rise to a nonvanishing single spin asymmetry in 
hadronic direct-photon production. 



'contaminated' by possible intrinsic kx effects in fragmentation functions (iii), but kx effects 
in parton densities (ii) could also be relevant besides (i). In the latter case (ii) one expects 
that the number of quarks with longitudinal momentum fraction x and transverse intrinsic mo- 
tion kx depends, on account of soft gluon interactions between initial state partons, on the 
transverse spin direction of the parent nucleon, so that the 'quark distribution analysing power' 
N q (k T ) = (f q / N i(x,k T ) - f q / N i(x,k T ))/(f q / N i(x,k T ) + f q / N i(x,k T )) can be different from zero. 
Similar soft interactions in the final (fragmentation) state may give rise to the 'Collins effect' (iii); 
it simply amounts to say that the number of hadrons h (say, pions) resulting from the fragmen- 
tation of a transversely polarized quark, with longitudinal momentum fraction z and transverse 
momentum kx, depends on the quark spin orientation. That is, one expects the 'quark fragmen- 
tation analysing power' A g (k T ) = (D h/q r(z,k T ) - D h/ql (z,k T ))/(D h/q r(z,k T ) + D h/qi (z,k T )) 
to be different from zero, where, by parity invariance, the quark spin should be orthogonal to 
the q — h plane. Notice also that time reversal invariance does not forbid such a quantity to 
be nonvanishing because of the (necessary) soft interactions of the fragmenting quark with ex- 
ternal strong fields, i.e. because of final state interactions. This idea has been applied [67] to 
the computation of the single spin asymmetries observed in pp^ — * irX fi"3| , [l4| , |l9| . As men- 
tioned above, both A q (kx) and N q (kx) are leading twist quantities which, when convoluted with 
the elementary cross-sections and integrated over, give twist-3 contributions to the single spin 
asymmetries. 

Each of the above mechanisms might be present and important in understanding twist- 
3 contributions. It is then important to study possible ways of disentangling these different 
contributions in order to be able to assess the importance of each of them. We discuss now 
single spin asymmetries for various processes AB^ — > CX. To obtain a complete picture one 
needs to consider nucleon-nucleon interactions together with other processes, like lepton-nucleon 
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scattering which might add valuable information too. For each of them one should discuss the 
possible sources of higher twist contributions, distinguishing, according to the above discussion, 
between those originating from the hard scattering and those originating either from the quark 



fragmentation or distribution analysing power [53, 387 ]: 



• pN* — » hX: all kinds of higher twist contributions may be present; this asymmetry alone 
could not help in evaluating the relative importance of the different terms; 

• pN' — ► 7X, pN* — * n + n~X, pN* — ► jets + X: no fragmentation process is involved 
and one remains with possible sources of non-zero single spin asymmetries in the hard 
scattering (i) or the quark distribution analysing power due to an intrinsic kx (h); 

• IN* — > hX: a single spin asymmetry can originate either from hard scattering (i) or from 
kj- effects in the fragmentation function (hi), but not in the distribution functions, as soft 
initial state interactions are suppressed by powers of a s ; 

• IN* — ► jX, jN* — ► jX, IN* — > [i + fi~X, IN* — > jets + X: a single spin asymmetry in any 
of these processes may only be due to higher- twist dynamical hard scattering effects (i) . 

In the following we want to concentrate on some specific processes, in order to see to what extent 
valuable information can be obtained from measuring single spin asymmetries at RHIC and at 
the future HERA-iV (where we specifically refer to the 'phase I' program, i.e. to polarized fixed 
target experiments with an unpolarized beam; 'phase II' refers to a polarized proton beam as 
well |387| 1). One example is semi-inclusive ir^' production by p*p collisions which is known to 
exhibit surprisingly large single spin asymmetries at 200 GeV. This was measured a few years 



ago by the E704 Collaboration using a transversely polarized beam [13, 14, 19]. For any kind 
of pions the asymmetry shows a considerable rise above xp > 0.3, i.e. in the fragmentation 
region of the polarized nucleon. It is positive (> 20% ) for both tt + and 7r° mesons, while it 
has the opposite sign for ir~ mesons. The charged pion data were taken in the 0.2 < p? < 2 
GeV range and it was found that the asymmetry is larger for pt > 1 GeV than for pj- < 1 
GeV. Theoretical approaches as to the interpretation of these data have been put forward in 
[ 4861 , P7| , TO E |67|, 01- The authors of Refs. [387| have examined to what accuracy 



this asymmetry could be measured at HERA-iV. They have shown that it would be possible 
to quantitatively determine the pt dependence of the asymmetry up to pt values of about 10 
GeV. 

Another example is to measure the single transverse spin asymmetry in inclusive direct pho- 
ton production, pp* — > jX. Since this process proceeds without fragmentation, i.e. the photon 
carries directly the information from the hard scattering process, it measures a combination of 



initial kx effects and hard scattering twist-3 processes [215, 451, 452 , 222]. The first and only 
results up to now were obtained by the E704 Collaboration |l^] showing an asymmetry com- 
patible with zero within large errors for 2.5 < pt < 3.1 GeV in the central region \xf\ < 0.15. 
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Again, the authors of Refs. |5^, 387] have examined to what accuracy this asymmetry could 
be measured at HERA-A. The contributions of the gluon-Compton scattering (qg — > jq) and 
quark-antiquark annihilation (qq — > 75) were compared to the background photons that origi- 
nate mainly from ir° and rj decays. It turns out that a good sensitivity SA"^ of about 0.05 can be 
maintained up to px < 8 GeV. For increasing transverse momentum the annihilation subprocess 
and the background photons are becoming less essential. 

Thirdly, the single spin asymmetry in Drell-Yan production, pp^ — > IIX, at small trans- 
verse momenta was calculated [314 1 in the framework of twist-3 perturbative QCD at HERA-A 
energies. The resulting asymmetry does not exceed 2% and depends strongly on the kinemat- 
ical domain. It should be noted that asymmetries of the size of a few percent represent the 
canonical order of magnitude for single spin asymmetries induced by twist-3 perturbative QCD 
effects, and that one may expect larger values only under very special circumstances. Note also, 
that such asymmetries on the few percent level are difficult to measure, even with sufficiently 
small statistical errors, since the systematic errors originating mainly from beam and target 
polarization measurements constitute a severe limit. 

Recently, it has been suggested (|399f1 that deep inelastic Compton scattering Ip — > lyX, 
where either the incoming lepton or proton are polarized, might lead to appreciable and well- 
measurable single spin asymmetries in the small-x region. The idea is that intrinsic kx and 
absorptive effects of the strong interactions lead to a complex phase in the vertex between the 
incoming quark and the prompt photon. This phase, in turn, induces a single spin asymmetry. 

Finally, it should be remembered that large spin effects in proton-proton elastic scattering, 
pp\ _» have been discovered many years ago [58, 141, 186] with proton beam energies of 24 
and 28 GeV. The single spin asymmetry was found significantly different from zero for transverse 
momenta of the outgoing protons larger than 2 GeV. The transverse single spin asymmetry in 
elastic pp scattering at HERA-A and RHIC energies has been calculated in a dynamical model 
that leads to spin-dependent pomeron couplings [295]. The predicted asymmetry is about 0.1 for 
p T = 4 — 5 GeV 2 with a projected statistical error of 0.01 — 0.02 for HERA-A, i.e. a significant 
measurement of the asymmetry can be performed to test the spin dependence of elastic pp 
scattering at high energies. Although we do not have any detailed quantitative theoretical 
understanding of elastic single spin asymmetries for the time being, it should be emphasized 
that, apart from possible helicity nonconserving effects occuring in the hadronic wave function, 
one expects at least qualitatively a nonvanishing elastic single spin asymmetry due to degenerate 
multiple Regge exchanges which give rise to different phases in different helicity amplitudes (see, 
e.g., M for a recent review). 



136 



6.9 Structure Functions in DIS from Polarized Hadrons and Nuclei of Arbi- 
trary Spin 

Shortly after the measurement of </J at CERN there were several proposals to investigate spin ef- 
fects in other nuclear targets. Most prominent among them are of course the deuteron (with spin 
J=l) and Helium-3 (J=|), because they are used to determine g™, but there are other potentially 
polarizable nuclei as well, like 7 Li(J = |), 10 B(J = 3), 27 Al(J = |), etc. In those higher spin 
configurations additional structure functions arise which are in principle measureable, although 
they are typically smaller than the unpolarized structure functions, because polarization depen- 
dent effects arise only from the unpaired nucleons in the nucleus and are therefore suppressed 
as 1/A. Furthermore, it should be noted that all these new structure functions would vanish 
for free nucleons. Thus such experiments offer the possibility to confirm the spin structure of 
nucleons, and at the same time to obtain new information on nuclear binding effects. 

Among the new structure functions defined by |345| , |327| there are some which have a simple 
description within the parton model (like g\ for the nucleons) and there are others which vanish 
in the parton model (i.e., appear only in higher orders of QCD like Fl or are of higher twist 
like <?2 for the nucleons). Those with a parton model interpretation can be described in terms of 
parton densities q± M (x, Q 2 ) which give the probability to find a quark with momentum fraction 
x and helicity ±| in a spin-J target with spin M along the z-axis, at some scale Q 2 . Measuring 
the cross section for an unpolarized target determines the averaged quark distribution 

Q J (x,Q 2 ) = Jf—T E q JM (*,Q 2 )- (6-99) 

+ M=~J 

Because of QCD parity invariance one has q± M = q^~ M so that only 2J+2 (2J) of the 4J+2 
(4J) polarized parton densities are independent. (The numbers in brackets hold for half integer 
J.) It is appropriate to introduce combinations ^ 

F( M = \(q J + M + q J - M ) (6.100) 

9i M = \(ql M -q J - M ), (6.101) 
because in the Bjorken limit the cross sections on targets with spin (JM) probed with helicity 



Instead of Eqs. ( |5.10C| ) and ( ^.10l| ) it is sometimes more convenient to define "multipole" structure functions 



[ JL ] ■= Em=-;(-1P ( j m j ~ M\L0)q+ where (J M J - M\L0) are the Clebsch-Gordan coefficients. 
These function can be measured using (un)polarized leptons for odd (even) L. They are particularly useful if the 
relative motion of nucleons inside the nucleus is to be considered. Furthermore it should be noted that the first 
L — 1 moments of these functions vanish. 
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±2 electrons can be written as 

dUal M + ol M ) Ma 2 ME 



[y' x + 2x(l-y)]Fr(x,Q') (6.102) 



and 



y(2-y)xg{ M (x,Q 2 ). (6.103) 



with .M denoting the target mass. 

Up to now we have introduced 2J+2 (2J) quark densities for (half)integer J corresponding 
to 2J+2 (2J) naive parton model structure functions. In addition there are 4J (4J+1) functions 
which get contributions either from higher twist operators or from HO QCD so that one has 
altogether 6J+2 (6J+1) independent structure functions for integer (half integer) spin, as will 
be shown after Eq. ( |6.106j ). For example, for J = \ there are F\, F2 — 2xF\, g\ and g2, among 
them F\ and g\ of leading and F2 — 2xF\ of higher order in QCD, and §2 being a higher twist 
contribtuion. For J=l one has F\, F2 — 2xFi, bi, 62 — 2xb\, gi, g2, 63 and 64. In the naive quark 
parton approximation the only nonzero structure functions are F±, g±, bi and 63. For example, 
b\ can be measured by scattering an unpolarized electron beam from a polarized deuteron target 
with the target spin directed parallel to the direction of the incident electron beam and arranged 
in each of its mj = +1, 0, —1 substates, 

h(x, Q 2 ) = £ 4[Fi' +1 (x, Q 2 ) + F^-\x, Q 2 ) - 2F\'\x, Q 2 )]. (6.104) 
q 

In general all 6, can be measured using unpolarized lepton beams. Furthermore, they all arise 
from nuclear binding effects and are not present for a system of free nucleons. One has b\ = 
if the spin-1 target consists of two spin ^ constituents at rest, or in relative s-wave, and thus 
one expects b\(deuteron) ~ 0, because the relative motion of the nucleons in the deuteron is 
nonrelativistic. In contrast one expects a large b^ because the quarks in the /3-meson move 
relativistically 345, 327 1. Furthermore, an interesting sum rule for b\ has been derived which is 



related to the electric quadrupole moment of the spin-one target and to its polarized sea-quark 



content | 171 ] 



It is possible to write down the general hadron tensor for a spin-1 target 

and to obtain the cross section from it. In Eq. ( |6.105| ) we have defined r^ v = jp^p (q ■ £*q ■ £ — 
f (P • q) 2 ) with K=l + = ^(q .£*q.£-^ P . q f), tyv = ^^{q . £* Pfl £ u + q . 
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£*P v £ fl + q ■ SPy.St + q ■ SP V S* - f P • qP^P u ) and = + £*£„ + ^M 2 g^ - f P M P„). 

£„ is the polarization 4-vector of the spin-1 target, i.e. it fulfills P ■ £ = and £ ■ £ = —M 2 
and s ff = ^e^ T £* a £pP T . 

Instead of this cumbersome approach one may gain more physical insight by studying the 
various amplitudes appearing in the forward Compton helicity matrix elements. Namely, just 
as for the spin-^ target the optical theorem relates the hadron tensor for arbitrary spin to the 
imaginary part of the forward Compton scattering amplitude which in turn can be expressed in 
terms of helicity amplitudes. Let A m M, m 'M' denote the imaginary part of the forward Compton 
helicity amplitude for 7 m + tar get m 7m' + tar get m 1 , 

A J m M,m'M> = € m'W^ M em (6.106) 

where e^, m = ±1,0 are the photon polarization vectors. All the structure functions like b\, 
64 etc. discussed before can be expressed as linear combinations of these amplitudes. The 
MnM m'M' are easn Y enumerated. Angular momentum conservation requires that the total he- 
licity is conserved, m + M = m' + M' , which leaves 18J+1 independent helicity amplitudes. 
Time reversal invariance requires i^ Mm , M , = A J m , M , mM which leaves 12J±2 independent am- 
plitudes. Parity invariance requires A J mMrn , M , = A J _ m _ M _ m ,_ M , so that one finally has the 
6J+2 (6J+1) independent amplitudes, as mentioned before. Among them are diagonal trans- 
verse amplitudes A J ±M ±M which in the Bjorken limit correspond to the quark densities q± M 
introduced above: A± M ±M = q± M . 

The amplitudes naturally arise when the hadron tensors W^' M are multiplied with the 
lepton tensor to form the cross section. To work that out in detail one has to expand the 
leptontensor Eq. ( |2.29| ) in the basis of virtual photon helicity eigenstates 

V = ^{A 2 e^ + \{\ 2 + ny 2 M* e\ + e?£) - y (e^V e 2 ^ + e^e" 2 ^) 



+A(1 - |)(e^£ge-^ + tftZe* - ege** - e^e\e 

+^=((1 - |)(e£* e\ - e^e v _) - h^^e^ + efte^ + ef ege^ + e^e" 4 *)) (6.107) 
y v k { 2 2 J 

where A 2 = 2(1— y) — ^-(re— 1) and is the azimuthal angle (measured with respect to the x-axis 
in the xy-plane) of the final lepton. The photon momentum is used as the spin quantization 

axis. Note that the first term (~ ^r) i n Eq. ( |6.107j ) is spin-independent and the last term 
(~ i s the spin dependent term. 



The resulting expressions for the cross sections in terms of the helicity amplitudes are 
dTi J\'\ ^ STra 2 MEx \ 2 j 1 j _ 2i(j} 1 j 2i4> 



139 



+i(A 2 + Ky 2 )(A J +M>+M , + A J _ M _ W ) 



+ (1 - l)\(Ai MfiM ,e^ + A J 0Mt _ M ,e-^ - A J +MfiMie -^ - Ai M>+M ,e^)\ (6.108) 



dAS JA'A 8ira 2 MEx { 



+Km,om^ + ^ Mi+M ,e^l09) 

These cross sections are not yet in a useful form because the helicities M and M' are defined w.r.t. 
the virtual photon direction which changes event by event. It is better to define cross sections 
for targets with definite helicites A and A' w.r.t. the incident beam direction. To transform 
between the 2 frames one has to perform an Euler rotation. The state |JA > can be written in 
terms of \ JM > as 

|JA >=Y^e i{X ~ M)(t3 d J MX {P)\JM > (6.110) 
M 

where d J MX {(3) is the Wigner rotation matrix and (/?) the angle between q and the incoming 
lepton direction k. The cross sections for targets with definite polarizations in the lab frame can 
therefore be obtained from Eqs. ( |6.108| ) and ( |6.10S| ) as 

W - E »^(«<.,(ffle'<— (0-112) 

For more details see [)327| , |345| ]. In those references models have been studied, like the bag model, 
to predict some of the 'new' nuclear structure functions F^ M and g± M ■ 



l 0M-M' e 



-1(1 



6.10 Nuclear Bound State Effects 

In the previous section only the appearance of new structure functions in higher spin nuclei has 
been discussed. Another, probably even more important question is how the 'old' functions like 
gi are modified by nuclear effects, i.e. how much e.g. g± deviates from g\ + <?". This is a very 
important question because g\ cannot be determined directly but only through a measurement 
of or g\( 3 He). Let us start with the discussion of deuterium, for which a number of studies 
exists. The simplest and firmest theoretical approach to the deuteron is to approximate it as a 
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free neutron and proton with polarization 1 — where wd is the deuteron d-state probability. 

All other nuclear corrections are essentially small because they are suppressed by powers of jjW 
where p is the 3-momentum of the nucleon in the restframe of the nucleus, wd can be calculated 



in NN potential models to be wd ~ 0.050 ±0.010 [131, 63]. There is a relatively large theoretical 
error in the prediction of wd, because depending on which of the phenomenological potentials 
one uses one gets different answers. This theoretical error is by far the dominant source of 
uncertainty in the deuteron analysis, much larger than the O(-fW) effects mentioned above. 
This is true except for the large-x region (x > 0.8) where large nuclear effects are known to be 
present for unpolarized scattering and expected for polarized scattering as well. It is not clear 
whether these effects are spin independent, in the sense that they drop out in the asymmetries 
~ Jr-, or not. 

The fact that wo is not precisely known may become a problem for future precision mea- 
surements of because a variation of 2% in wo corresponds to an error of roughly 10% in g™. 
This is also the order of magnitude which other nuclear effects may have on the determination 



of g±. To incorporate these effects there has been a sequence of papers ( |433j , 434] and references 



therein, but see also the work of [526] to be discussed below) working in the impulse approxi- 



mation, i.e. neglecting final state interactions. There may be final state interactions and related 
effects like final state pion exchange or nuclear shadowing, but these effects are usually assumed 
to be small for light nuclei and to some extent spin independent. 

At first the so-called convolution model was applied to include nuclear binding and rela- 
tivistic effects, and afterwards the effects of off-mass-shellness of bound nucleons were studied. 
In the convolution model the free nucleon structure function is convoluted with the light cone 



momentum distribution of nucleons in the nucleus [466] 

N=n,p 



g?(x,Q 2 ) = £ [ 1 ^5f N/D (y)g^(-,Q 2 ). (6.113) 



This formula holds in the Bjorken limit (infinite Q 2 and v). For finite Q 2 there is a spectral rep- 
resentation which generalizes Eq. ( 6,113]) 433 , 434 , |508| 1, It was found |50S| 1 that the convolution 



approach gives a result very close to the description with a constant factor 1 — |u>£>, at least for 
x < 0.7. Above 0.7 there are appreciable corrections to this factor which can become as large as 
10%. The simple behaviour for x < 0.7 is not modified when off-mass-shell corrections 1 433, 434] 



are included but there are additional contributions at x > 0.7 (of up to 5%) which should be 
taken into account. Although the nuclear effects are within the error bars of presently available 
data, they will be required in the upcoming high statistics E154 and HERMES experiments. 
Now coming to 3 He, as a first approximation one may say that g\( 3 He) directly gives 
because the spins of the protons compensate each other due to the Pauli principle. This 
relies on the assumption that all nucleons are in a S wave. However, such a cancellation does 
not occur if other components of the three body wave function are considered. In references 
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[ |526| , 165, 16£] the question has been quantitatively discussed as to whether and to what extent 
the extraction of g\ from the asymmetry of the process 3 He(e, e')X could be hindered by nuclear 
effects arising from small wave function components of 3 He, as well as from Fermi motion and 
binding effects on DIS. The basic nuclear ingredient used in [165, 166] is the spin dependent 
spectral function of 3 He, which allows one to take into account at the same time Fermi motion 
and binding corrections. Of particular relevance are the up and down quark spectral functions 
P^ a i AI , N$ + = P±ii and iV"3_ = P N i_ii, because the integral of their difference determines 

2 2 2 2 2 2 

the nucleon polarizations Ppj , N = p,n [165, |166[ |. These functions enter the so called spectral 
representation of gi( 3 He) as a function of g± . Note that in the Bjorken limit this spectral 
representation goes over into Eq. ( |6 . 1 1 3| ) . 

In ref. |526| the 3 He asymmetry has been calculated taking into account S' and D waves 
but considering only Fermi motion and omitting Q 2 dependent terms. Woloshyn used 3 He 
wave functions [^9| calculated using the momentum space Faddeev equation, which are known 
to give a good description of the spin averaged quasi-elastic data at medium energies. The 
extent to which the proton contribution to the spin asymmetry of 3 He can be neglected, can be 
envisaged by a look at the proton momentum distributions for spins parallel and antiparallel to 
the target, cf. Fig. 41 where they are plotted against the light cone momentum fraction. The 
spin dependence is seen to be quite small. Also shown in Fig. 41 are the corresponding curves 
for the neutron. The neutron curves answer the important question, how large the probability 
is of having a neutron with spin antiparallel to the nuclear spin. One sees that ri3_ is very small 
as compared to 713+ but somewhat broader since it comes from components in the 3 He wave 
function with a larger high momentum tail than the dominant S-wave. 

Fig. ^2| shows typical results for gi( 3 'He)(x, Q 2 ) as compared to gi(x, Q 2 ) at some unknown 
(small) value of Q 2 . The curves are given only up to x ~ 0.9 because above this value the 
calculation becomes unreliable. In fact, nuclear effects are expected to become much larger as 
x — ► 1. 

It is possible to summarize the effects of higher wave functions S' and D in 3 He by means of 
the following procedure: In a pure S wave state the nucleon polarisations are given by P^ = 1, 
Pn ^ = and Pp +S) = Pp = i, whereas for a three-body wave function containing S, S' and 
D waves, one has 

P^-i-TA, (6.114) 

F p (±) = i T A' , (6.115) 

where A = \[Ps> + 2-Pd] and A' = \[Pd — Ps'\- From world calculations on the three body 
system one obtains, in correspondence with the experimental value of the binding energy of 3 He, 
A = 0.07 ± 0.01 and A' = 0.014 ± 0.002 p5l - Thus if the 5' and D waves are considered and 
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Figure 41: Nucleoli momentum distributions for spins parallel and antiparallel to a 3 He target, 
with z being the momentum fraction of the nucleon in the target, according to | )526| ]. 
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Figure 42: g\{x) for neutron (dashed) and 3 He (solid curve) according to 
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Fermi motion and binding effects are disregarded, one can write 



9l ( 3 He)(x,Q 2 ) = 2p p g p 1 (x,Q 2 )+p n g^(x,Q 2 ) (6.116) 
A 3ge = 2f pPp A^ + fnPnAn (6.117) 

where f p ( n) (x,Q 2 ) = F^ n \x,Q 2 )/[2F^(x,Q 2 ) + F r 2 l (x,Q 2 )} is the proton (neutron) dilution 

factor, Apffi\(x, Q 2 ) = (x , Q 2 ) / 'Ff^ n \x , Q 2 ) is the proton (neutron) asymmetry and p p (n) 
are the effective nucleon polarizations 

Pp = pW - pH = -0.028±0.004 (6.118) 

Pn = p(+) - pH = 0.86±0.02 (6.119) 

The above values correspond to Eqs. ( |6.114| ) and ( |6.115| ), while the spin dependent spectral 
functions of §2|, [L6|, yield p p = -0.030 and p n = 0.88. 



For future precision studies one will have to go even beyond those approximations, because 
there may be modifications due to the presence of the nuclear medium, like nuclear swelling 
and binding effects on the parton densities. These effects have recently been studied by [|333[| 
by depleting the parton densities of [27£] at small Q 2 and evolving them according to the 
AP evolution equations. It turns out that these effects are far below the present experimental 
accuracy, but may be of some relevance for future precision measurements, in particular at small 
x < 0.03. 

6.11 Direct Photons and Related Processes in Proton Collisions using Po- 
larized Beams 

The most interesting prospect for polarized high energetic proton experiments is the possibility 
to determine Sg(x, fJJp) from the process pp — > with a high energetic photon in the final state 
p3) , [Tig , ||, [[OjJ |15§, |IS!§ [j0l|, |6§, [tig, |31|, |3lJ, |93||. In unpolarized scattering hard 



photons are known to be a clean probe of the gluon distribution, because they can be directly 
detected, without undergoing fragmentation. Note that for physics beyond the standard model 
direct photon production is claimed to be a signal to probe compositeness. The observation 
of spin asymmetries in this reaction could help to disentangle the structure of new contact 



interactions [ 118 ], 



On the parton level the process is induced in lowest order by the annihilation of light quarks 
qq — > 75 and by the Compton scattering gq — > 75 , and is strongly dependent on the magnitude 
of 5g(x,fj, 2 7 ) with fj,p ~ pip. It may also be possible to determine 5g(x,fi 2 7 ) from high-p^ jet 
production, but this process has a large background of quark-initiated events qq — ► partons, 
and is therefore less sensitive to 8g{x,[i 2 F ). In Table 5 and Fig. ^ the parton level asymmetries 
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Table 5: Tree-level partonic cross sections and asymmetries a[ L = dA&ij / d&ij , including direct 
photon production processes fn], pL17f| . A factor of 7ra 2 s /s 2 has been factored out of the jet cross 
sections and TreQaa s /s 2 has been factored out of the single-photon cross sections. 



for all the possible partonic 2 — * 2 processes including direct photon production are shown as 
a function of the scattering angle in the parton-cms. The figure clearly shows that the photon 
processes are expected to give potentially large effects. 

From a theoretical point of view it would also be interesting to study the production of 
high-pT muon pairs in Drell-Yan processes involving off-shell photons, because they offer the 
possibility to obtain additional information, namely about the polarization of the final state. 
This information can be obtained, for example, from the angular distribution of the leptons 
[155, 407, 406]. For an interesting application of HO QCD to this process see [144]. The Drell- 



Yan process will be discussed later on in this subsection. 

The observable to be measured in direct-7 production is the inclusive double spin asymmetry 

*L = a % + a Z~ a t~ a Z (6-120) 

which reduces to 

A LL = a t~ a t ( 6 - 121 ) 
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Figure 43: Parton level asymmetries, including direct photon production processes as a function 
of the scattering angle in the parton-cms |117|. 



if parity is conserved. In Eqs. ( 6.120| ) and ( 6.121 ) it has been assumed that both protons are 
longitudinally polarized. More explicitly, this asymmetry is given by 



A\ L <k, 



E 



M=<?,<?,9 



1 + $ij 



dxdx'{ 8 fi(x, ii 2 F )8 f'Ax' ', ^ 2 F )a[ L ddij + (i <-> j) 



(6.122) 



where d&ij and da are the parton and hadron level cross sections for unpolarized direct-7 pro- 
duction, 



da 



E 



1 + Si 



dxdx'i fi(x, up) f'Ax 1 ', fi 2 F )daij + 



1 J, 



(6.123) 



The prime refers to the second proton and fi and /j are the parton densitites in the two protons. 
d l ^ L are the subprocess asymmetries, which along with the d&ij can be calculated in perturbative 



QCD, cf. Table 5 and Fig. 43. The product dA&ij = df T daij is much larger for the Compton 



subprocess than for the annilation subprocess. This can be deduced from the explicit form of the 



parton level cross sections and asymmetries in Table 5 and Fig. [43[ The Compton subprocess 
has a positive a^f' J_<? and leads to a positive contribution to Aj^ L which is proportional to 
5g. For the annihilation subprocess one has a negative d l p L . Since the Compton subprocess 
dominates on the parton level, one has usually a much smaller asymmetry A"^ L (positive or 
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negative) if 5g(x, n 2 F ) is small, in contrast to a large 5g(x, /J, 2 ?). In the latter case one encounters 
large positive values of A^ LL up to 50 percent. In Fig. |6.11| A\ L is shown as a function of the 
photon-pT for the two scenarios of large and small 5g. It is clearly seen that a measurement of 
A^ LL provides a valuable probe of Sg(x,fj/p). 

Higher order QCD corrections to the process pp — * jX involving polarized proton beams have 
been calculated by [182, 301]. A particular feature is the appearance of the process gg — > 'yqq 
whose contribution to the spin asymmetry is of the order of [Sg] 2 . The calculation has been 
performed in the framework of dimensional regularization, in which case special care is needed 
for the treatment of 75. In ref. |182|] the method of dimensional reduction was used and it 



was shown how to circumvent the problems with 75. In ref. [301] the 't Hooft-Veltman scheme 
was used and the dependence of the cross section on isolation cuts has been examined carefully. 
Isolation cuts are needed in order to single out isolated direct hard photons from the background 



300(1 



The results of the calculation of ref. [182] are shown in Fig. 3.11 in the form of the K- factor 
for the polarized cross section defined as the ratio of K = L °^q° ■ The K-factors are shown 
as a function of xt = for various values of the rapidity rj and \fs. Note that for the px 
distribution one has the simple formula 



d(A)a 
dp\ 



E 



1 



1 + S i:j 



dx{5)fi{x,pr) .2 dx'(5)f'Ax',pT) 



d(A)a, 



dp 



(6.124) 
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where d ^) a = d ^) a and d ^) a was given in Table 5. One finds in Fie. 16.111 that in all cases 
d?4 dt t-u dt ° to t- — i 

the HO corrections are positive and quite large, in particular at large xt- Due to the quite 
large K- factors there is some ambiguity of the results concerning the unknown higher orders. 
However, this ambiguity is much smaller than the dependence on the input parton densities as 
has been discussed in [182] with a rather moderate gluon density as input. It should be kept in 
mind, however, that strictly speaking, there is a very subtle interplay between the magnitude 
of the K-factor in various schemes and the correct choice of the HO parton densities, the value 
of A, etc. Similar results have been obtained, using more recent polarized parton densities, for 
prompt photon production at a future fixed target HERA-iV (phase II) experiment (y/s = 39 



GeV) g0|] and at the RHIC collider (yfe = 50 - 500 GeV) IPOCH - 

Instead of direct photon production one may consider production of W's or Z's balanced by 
a jet. These processes are very closely related because they involve analogous diagrams. The 
heavy vector bosons show the additional feature that spin asymmetries arise even if only one 
of the proton beams is polarized ('single spin asymmetries'). This is due to the axialvector 
couplings involved and essentially a parity violating effect, as already discussed in Sect. 6.8. 
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The corresponding single spin asymmetry 



(6.125) 



involves products of polarized and unpolarized parton densities and would in principle be sensi- 
tive to 5g(x, rriyy)- It turns out, however, that the QCD matrix element for 'Compton' scattering 
of a polarized gluon on an unpolarized quark and associated production of a is very small, 
so that the single spin asymmetries are not very suitable for the determination of 5g(x,m 2 v ). 
They are, however, suitable for the determination of the various flavor contributions Su(x, mw) 



and 5d(x,m 2 v ) to the proton spin. Recent analyses of these effects can be found in []472j] and 
18|, |120| , |493H where it is shown that the process pp — > W^X at RHIC can lead to asymmetries 



around 50% with a large effect in the asymmetry for pp ^ W X if <5n(x,m^ / ) is small. 

Let us now come to the Drell-Yan process p|, |l55|, |||, |69|, |63|. We shall 

discuss here only the case of longitudinal polarization. The NLO corrections to the Drell-Yan 



process in transversely polarized hadron-hadron collisions have been analyzed in [181, 517|. The 



longitudinal spin asymmetry Aj^ L = is defined in analogy to A^ LL but depends on the 

invariant mass of the produced lepton pair m 2 ,. The polarized and unpolarized cross sections 
are given by 



d(A)a 
dm 2 



(") 



47ra 2 fdx 1 dx 2 ( 2( . , 2 \ f x\ ~( 2\\xn \ , a ^ m u) an \(x\ 

^2 J — — | e q( S m x i^ m u)( 5 m x 2,rnii)[S{l- z)+ ^ 6{l-z)(5) 



q=u,d,s 



+ 



^^e(l-z)(5)c qg {z){5)g(x 2 ,ml) £ e 2 q [(5)q( Xl , m 2 ) + (S)q(x u m 2 u )] 



2tt 

+ (1 «-»2) 



q=u,d,s 



(6. 



where z = X1 " 2S and the coefficient functions (5)c qq (z) and (S)c qg (z) for the relevant subprocesses 



are in the MS'-scheme given by [259, 458, |522| , [432| , |369| , |26 



8c qq (z) 



5c qg (z) 



C F [{ 2 r 2 - 8)6(1 -z)+ 4(1 + z 2 ){ 1 ^—^)- 
T R [(2z 2 -2z + 1) In - 7 -z 2 + 3z + ^} 

-Cqq(z) 



1 + z 2 
J 1-z 



N1 (1-z) 2 3 2 5 

-T R (2z - 1) In z 2 -z + - 

iy ' z 2 2 



hiz\ (6.127) 

(6.128) 
(6.129) 

(6.130) 



It should be noted that the dominant 0(a s ) contribution in Eq. fl6.126j ) comes from the 5— 
function term in Eq. ( |6. 127| ) . It gives a large effect for the cross sections but not in the double 
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The asymmetry is shown in Fig. 6.11 as a function of r 



for 



different parametrizations of 5g(x,mf l ) and 5s(x,mf l ). The asymmetries in Fig. 6.11 are of the 
same order of magnitude as for the direct photon process. In principle one could expect that 
both the Sg and the Ss term contribute about the same to the asymmetry. However, due to the 
smallness of 8c qg (z) it turns out that the sea polarization plays a stronger role in A^ LL than the 
gluon polarization. This is in contrast to the direct photon process which depends strongly on 
the polarization of the gluons. 

Figure |6.11 also shows that the Drell-Yan process could be very valuable to determine the 
strange sea polarization in the proton. A measurement of the sign of AJ^ L would already give 
information about the sign of 5s. Unfortunately, the Drell-Yan process has a larger background 
than the direct photon production so that the expected statistical errors at RHIC are larger. 

Finally we want to add some remarks about the prospects of determining the polarized parton 
densities from jet production in hadronic collisions, in particular at RHIC [71, |451 
395 



119 



118, 



161 , 456 , 205 , 493 1- Quite in general many features of unpolarized jet production can 
be applied directly to the polarized case. For example, at low pt the main contribution comes 
from gluon-gluon scattering so that this region is particularly suited for attempts to determine 
the (polarized) gluon density. Secondly, event rates and statistics are much larger than in direct 
photon production. A drawback is that the signatures are less clear as will be discussed below. 

One has in principle the possibility to analyze single-jet production pp — > JX as well as 
di-jet production pp — * J1J2X. The latter is more difficult but not impossible to analyse in 
a high luminosity machine like RHIC. The single jet spin asymmetry can be calculated as a 
function of rapidity and transverse momentum of the jet from the ratio of the polarized and the 
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unpolarized cross sections. These are given by 



E 



d(A)a 
d 3 p 



where xt 



tt 4^ 1 + 5, 

1,3 



2pr 



dx-i 



2x\ — Xt& V 



dt 



+ j)] 



— — y ana X2 — k-— — 



-Xt£ 



2x\—xxe y ' 



(6.131) 

The explicit expressions for the parton 



cross sections can be found in Table 5 [71, 117] and the corresponding parton level spin asym- 
metries are shown in Fig. For all the dominant subprocesses the corresponding asymmetries 
a[ L are positive, except for qq annihilation. This leads to positive values of the single jet double 
spin asymmetry A^ L = d fj/fpJ in the low j?T - range where the gluons dominate. The parton 
level spin asymmetries combine with suitable parton densities to give the proton asymmetries. 
These are shown in Fig. 6.11 as a function of px at two values of the beam energy for a Sg(x, Hp), 

The significance of the small 



/Up ~ px, with a small and with a large first moment Ag(/j, F ) |119| 
and intermediate px regime for the determination of 5g is clearly exhibited. If Ag(p T ) is large 
one can easily have asymmetries of about 20% in the small p? range. The relatively large RHIC 
luminosity C ~ 10 32 cm -2 s _1 in combination with the large jet cross sections make the signal 



in principle large and will lead to small statistical errors [493]. The drawback of this method to 
determine 5g(x,p T ) is the large background of soft events in the small pt region. 

Let us now discuss 2-jet production. An observable to study is the distribution in the 2-jet 
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invariant mass, Mjj = 2pTCOsh(y*), where y* = 5(2/1 — 2/2)- It is given by 



dMjj 



2s ^ 



thn f VM dy _ {m^i,i4)(S)fj(x2,i4) d(A)a ij 
Y 1 Jy m 2 cosh(y*) di 



(6.132) 



where x\ 2 = Te^^ VlJry2 \ y m =max(— Y, log r — y±) and yu 



min(— Y, — logr — y\). Y ~ 1 
cosh 2 (y*). Numerical results for 



is a cutoff on the jet rapidity and r is defined as r — v s . 
these distributions have been presented by [161] and |11£]. They are shown in Fig. 6.1l| as a 
function of the jet pair mass for two values of the proton energy and two choices of the polarized 
gluon density, a small 5g(x, Mjj) (dashed curve) and a large one (solid curve). At intermediate 
values of the jet pair mass Mjj ~ 100 GeV, they are even more sensitive to the magnitude of 
the polarized gluon density than the single jet pt distribution but somwhat more difficult to 



measure. One may also examine di-jet production and higher order effects [205]. 



6.12 Spin— dependent Structure Functions and Parton Densities of the Po- 
larized Photon 



Structure functions F?(x,Q 2 ) and parton densities / 7 (x,Q 2 ), with / = q,q,g, of unpolarized, 



i.e. helicity averaged, photons are theoretically well known (see, e.g. [274, 286] and references 
therein) and experimentally rather well studied (see, e.g. |97], 236] and references therein). 
In contrast to the (un)polarized hadronic parton densities studied so far, these densities obey 
inhomogeneous evolution equations where the inhomogeneous LO and NLO terms k^^ g (x) 
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derive from the pointlike splitting of the photon into quarks and gluons which can be calculated 



from first QED principles. In LO, 7 — ► qq gives rise to k q °\ and kg' 1 = 0. They are the so- 
called driving terms which uniquely fix the 'pointlike' (inhomogeneous) solution of the evolution 
equations for the parton densities of the photon, once a specific input scale Qq for o s (Qq) has 
been chosen. This is in contrast to the conventional 'hadronic' (homogeneous) part of the general 
solution, which derives from the common homogeneous evolution equations and which requires 
some nonperturbative hadronic (vector-meson-dominance oriented) input /w(x, Qq). 

In complete analogy to the helicity averaged case P = fl + fZ, the spin-dependent parton 



,(o) 



densities of a longitudinally (more precisely, circularly) polarized photon are defined as [ 338 , 

311 , m in 

SP (x, Q 2 ) = P + (x, Q 2 ) - fZ(x, Q 2 ) (6.133) 

with fj_ (fZ) denoting the parton densities in the photon aligned (anti-aligned) with its helicity. 
As in Eq. ( |4.11 ), they satisfy the general positivity constraints 



\5P(x,Q 2 )\ <P(x,Q 2 ). 
Similarly to Eq. ([4.5]), the polarized photon structure function is given by 



(6.134) 



(6.135) 



where the NLO (2-loop) contributions [503] have been suppressed. Note that Sq' 7 = Sq 1 and 
5q" ( = O(-) in LO. In Bjorken x-space, these photonic parton densitites obey the following 
inhomogeneous LO evolution equations: 



d_. 
dt 



—5k 

2tt ns 



2tt ns 
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d (5^{x,Q 2 



dt\5g~t(x,Q 2 ) J 2tt\ 



a / 5k, 
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2vr 
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2f5P^ } 



SP, 



(0) 



yq 



5P 



(0) 



yy 







5YP 1 
5g~f 



(6.136) 



(6.137) 



which are a straightforward generalization of Eqs. ( |4.12j ) and ( 4.1S| ), taking into account the 



'pointlike' photon splitting 7 — > q which gives rise to the inhomogeneous terms: 5k^ = 6P ( 



,(0) 

can be obtained, apart from obvious charge factors, from dPqg in ( [4.21 ) by multiplying it with 
2/.Y r //,■: 

f(e 2 q - < e 2 yp^k^l =< e 2 >~ x Sk® = 6/(2x - 1) (6.138) 



where < e 2 >= / 1 J2n e q- Furthermore, Skf^ = SPg^ = has been used in ( 6.137 ). The LO 



(0) 



equations ( |6.135| )-( |6.137D can be straightforwardly extended to NLO [503] where the 0( 
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terms Skq and 5kg 1 ' derive from the CpT^ pieces of 2f5Pgg' and 5Pgg' in ( |9,4[) and (| 
respectively, multiplied by fN c /Tj. 

and ( |6.137j ) are most conveniently solved in Mellin n-moment 
where the solutions can be given analytically and one can 
easily keep track of the contributions stemming form different powers of a s in order to avoid 
terms beyond the order considered. The inversion to Bjorken x-space is again straightforward 
with the help of ( [4. 37 ). The general solution decomposes into 



(i) 



The evolution equations ( |6.13 
space (cf. Eqs. (§3|) and (|4.23| 



6p> n (Q 2 



Sfp?(Q 2 ) 



with the 'pointlike' (inhomogeneous) solution being given by 
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7,n 

NS,PL 



(Q 2 
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a s (Q 2 



1 



Po ns h V 



0K NS 



(6.139) 
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■l-L f>o 



a 



a s (Q 2 Y 1 
and the 'hadronic' (homogeneous) solution given by 



2 d p(0)n 2vr/3 V 

po 



5k, 



(0)n 



(6.141) 



^nsmAQ 2 ) 



iNS.had 



(Ql) 



(6.142) 



^i: d (Q 2 : 



L 



2 s p(0)r, 



(6.143) 



where L(Q 2 ) = a s {Q 2 ) / a s (Q^). Note that the 'hadronic' solutions are formally identical to 



the usual ones in Eqs. d427|) and since they are derived from the homogeneous part 

of the evolution equations ( |6.136 ) and ( |6.137 ). The structure of these LO solutions can be 
straightforwardly extended to NLO [|286|, |503|] by using the techniques discussed in Sect. 4.2 



being based on the (2-loop) evolution matrix in Eq. ( 4.56 ). 

The new ingredient of these solutions is the 'pointlike' component which is driven by the 
inhomogeneous (photon splitting) terms 8kf' in Eqs. ( |6.140| ) and ( |6.14l| ), i.e. they uniquely 
determine the 'pointlike' parton densities in the photon once an appropriate input scale Qq 



which require, as usual, also the specification of the input densities 5 f1 ad {x , Qq) 

one expects the 'pointlike' 5fp L (x,Q 2 
(|6li0| ) and (|6TT4l| ) 



has been specified. This is in contrast to the hadronic components in ( |6.142| ) and ( |6.143 ) 

In general 

to be dominant in the large-x region since the 5kf^ 
■ 1 according to ( |6.13g| ). This is in contrast to the 
x, Qq) ~ (1 — x) a as x — ► 1. Such 
" 01. 

For polarized photons, several model calculations have been performed for estimating (5/ 7 (x, Q 2 ) 



m 



increase as x 



'hadronic' 5f 



had 



X 



Q 2 ) where the (VMD oriented) input 5f^ ad { 



expectations have been well established in the case of unpolarized photons 
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in LO [338, 316, |527| ]. More recently, in order to obtain a somewhat more realistic estimate for 
the theoretical uncertainties in the experimentally entirely unknown 5/ 7 , two very different 



scenarios were considered in [292, 294|: The 'minimal scenario' is characterized by the input 



5 fhad( X ^ 2 



0. 



whereas the 'maximal scenario' is defined by the other extreme input 



(6.144) 



(6.145) 



with Ql = /x 2 = ii\ Q 

have been taken from [287]. It should be mentioned that the range of such VMD inspired inputs 



0.25 GeV 2 and the unpolarized LO GRV photon densities fjLdix, fi?) 



can be further restricted [294] by using the sum rule 



5q^(x,Q 2 )dx = 



(6.146) 



which derives from the vanishing of the first moment of g\ due to the conservation of the 
electromagnetic current (gauge invariance) [|21£ 



87], |444|, |250| . Note that the 'minimal' hadronic 



input Q6.144 ) satisfies this sum rule automatically. Such inputs have also been implemented in 
NLO [502] and some typical expectations for gj are shown in Fig. 44. The strong increase in 
the large-x region is typical for the 'pointlike' SqJ, L as discussed above. The 'minimal' scenario 
is 'pointlike' throughout the entire x-region due to the vanishing hadronic input in ( |6.144| ). The 
possible importance of the hadronic components in Eqs. ( |6.142j ) and ( |6.143| ) is illustrated by 



the 'maximal' scenario results in Fig. 44 which involve an additional hadronic component due 
to the input Q6.145Q . 

Several suggestions have been proposed to measure 5P(x,Q 2 ) at polarized ep [§91], §9| 
and e + e _ colliders ]|290[]. It has been discussed already in Sect. 6.2 that these resolved photon 



contributions could amount up to 20% of the total charm production cross section at future 



ep collisions [502]. The situation improves for photoproduction of jets at future ep colliders 
(\/ s 7P ra ^0 GeV) where the much larger size of the resolved photon contributions to single- 
inclusive jet and, in particular, dijet production |502j ] could give rise to experimentally testable 
signatures of the parton densities of a polarized photon in the not too distant future. 



7 Nonperturbative Approaches to the Proton Spin 

In Sect. 5 it was shown that the apparent smallness of the flavor singlet axial vector current 
matrix element is due either to a negative sea polarization or to a positive gluon polarization. 
However, no theoretical prediction for the value of this matrix element was presented. There 
are several nonperturbative approaches which try to remedy this situation (|510|, |483j, [L58|, 103] 
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Figure 44: LO and NLO expectations for gj according to the 'minimal' and 'maximal' inputs 
in Eqs. Q6.144 ) and ( 6.145 ), respectively 503 1 . The results shown correspond to f=3 flavors. 



and lattice calculations have been attempted as well 
isotriplet Goldberger-Treiman (GT) relation 



1SL 296, 190, 



V2U 
2M 



-9tr 3 NN , 



f n = 132MeV . 



The well-established 



(7.1) 



which fixes the axial coupling g\(0) = gA = 1-2573 ± 0.0028 in terms of the strong coupling 
constant g^NN, has inspired |51C| , [483|1 to generalize it to the isosinglet Ua(1) case to see if one 
can learn something about the magnitude of g^S^ = (PSltpj^^lPS). f\ 

Many discussions on the isosinglet GT relation were mainly motivated by the desire to 
understand why the g A inferred from the EMC experiment is so small (g A ~ 0.15, cf. Table 3) 



1 15lj 12531 , g5J , g55| , |76j , |51C|. |483|, |l_7J, |317j, |35j, |l04j, |l_4|, gl7|, £3J, |235|, |51J, |413|, |484| , 
[220|| . At first sight, the {7a(1) GT relation seems not to be in the right ballpark, as the naive 
SU(6) quark-model prediction yields far too large a value g A « 0.80, because g V0 NN = ^9-k 3 nn- 
It was then suggested that the 'physical' 770-nucleon coupling is composed of a bare coupling 
d^rjoNN an d a coupling between the ghost field and the nucleon. In QCD the ghost field G = d^K^, 
cf. ( 5.38] ), is necessary to solve the Ua(X) problem. It mixes with the bare r/o and is allowed to 
have a direct Ua(X) invariant interaction gcNN with the proton. Unfortunately, the definition of 
this coupling is not free of ambiguities. For example, it is sometimes assumed in the literature 

9 Note that in Sect. 5 a different notation was used, namely AoS^ = AT, on S^ = {PS\ij)'y l j,^5ip\PS) and 
9a(0) = g^/gv- Further, in Sect. 6.6 an isotriplet form factor G\{Q 2 ) has been introduced which is normalized 
differently than g A (Q 2 ), namely G\(Q 2 ) = \g\iQ 2 )- 
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to be the coupling between the glueball and the nucleon. Furthermore, unlike in the case of 
(0), the predictive power of the Ua,(1) GT relation is partly lost by the mixing. In chirally 
invariant schemes (like the off-shell regularization discussed in Sect. 5) one may at least identify 



the term v ^[j 7r g m NN with the total quark spin inside the proton AS ^j, cf. Sect. 5 

It is interesting to obtain a scheme independent relation. For the isotriplet GT relation this 
is possible because it holds irrespective of the light quark masses. For m 2 ^ it may be derived 
from PC AC, while in the chiral limit g\{q 2 ) can be related to an isotriplet form factor which in 
turn receives nonvanishing pion pole contributions. By the same token it can be shown in the 
OZI limit that the isosinglet Ua_(^) GT relation |4 



p3j| 



484| 



V3fn (0) 
2M 9r >oNN 



(7.2) 



remains totally scheme and mass independent. In Eq. ([^) 9~qNN 1S a Dare unphysical coupling 
between r/o and the nucleon. The tjq is not a physical meson but constructed from the mass 



eigenstates via [476, ^5|, 158 ] 
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where 0\ = —0.016, 62 = —0.0085 and #3 = —18.5° are the mixing angles of the 7r— 77 system 
[p20fl . Consequently, the complete(=isotriplet+octet+singlet) GT relation in terms of physical 
coupling constants reads 
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V6U 



[9nNN ± 9 v 'nn(0i sin 3 
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V^/tt (0) 

9 V0 NN 
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(g v NN cos 3 + g v 'NN sin 6*3 =F 9-kNnOi) 



(g V 'NN cos 3 - g vNN sin 3 ± g^NN^) + ... 



'2 sin 6* 3 )] 
(7.4) 

(7.5) 
(7.6) 



2M ^° JVJV 2M 

where the upper sign is for the proton and the lower sign for the neutron and the ellipses in the 
last relation are related to the ghost coupling to be discussed below. 

Although the isosinglet GT relation is scheme invariant, the interpretation of the 770 field is 
scheme dependent. When the SU(6) quark model is applied to the coupling g^ NN the predicted 
g° A is too large, g\ = 0.80. This can be resolved by applying the SU(6) model to the physical 



coupling g Vo NN rather than to g^ NN - One receives a two-component expression [483] 



gl(o) 



2M 



■(g V0 NN 



2V3 



mLfngGNN) 



(7.7) 
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where gcNN is the coupling defined in the effective QCD nucleon Lagrangian 



£ = ■■• + ^fd»GTr(N 7 , l5 N) + j^{dK) m + ... (7.8) 

where dK = ^^o/tt^o + j29GNN r n^ 10 f-Kd >1 Tr{N^^^N) is the anomaly with matrix element 
(N\dK\N) = ±(N\d»4\N) = j= 3 fJ^ NN = lMg\ (0). 

In order to arrive at a small EMC-like g° A one may now argue that there is a cancellation 
between the two terms of Eq. ( |7.7|) . This is reminiscent to the situation in the perturbative 
framework where a cancellation between AS and Ag was proposed to explain the spin EMC 
effect. However, there is no scheme independent identification between the various terms of the 
perturbative and nonperturbative approach. 



Some authors have questioned |22C|| the U(l) GT relation (7.7) but it seems that it survives 
as long one takes proper care of all the mixing effects. Still it should be stressed that until now 
no direct experimental confirmation exists, and in this sense it is one of the speculations from 
the realms of nonperturbative QCD. The point is that both sides of the relation are difficult 
to grab. The righthand side (i.e. the low energy couplings) cannot really be determined from 
low energy data, because gcNN is not known . Even the r/NN couplings are only known 
within large errors, cf. the discussion in jl5^| . For example, a determination of g^NN using F, 
D and #3 values gives g v 'NN = 3.4 fl59j[ whereas an estimate of the 7/ — > 27 decay rate through 
the baryon triangle contributions yields g v >NN = 6.3 |72Tl . The analysis of the NN potential 



gives g^NN = 7.3 [208] while the forward NN scattering analyzed by dispersion relations gives 
g-ri'NN < 3 |124| ]. On the other hand, the only chance to determine gcNN is from the polarized 
DIS data via the U(l) GT relation. However, there is no direct identification between gcNN and 
an observable defined in high energy scattering. Therefore, the whole issue remains somehow 
speculative and undecided. 

Another attempt to obtain information on the proton spin matrix elements from low energy 



meson properties was recently made by Birkel and Fritzsch [103]. They used the masses and 
properties of the axial vector mesons with quantum numbers J PC = 1 ++ . The spectrum consists 
of the isoscalar mesons /i(1285), /i(1420) and /i(1510). After correcting for the mixing with 
the isovector oi(1260) and the strange isodoublet K±, the fi mesons can be written as a linear 
combination of the three axial vector states \N) = -^\uu + dd), \S) = \ss) and an exotic gluonic 
meson state \ G). The latter interpretation arises because within the SU(3) multiplets one expects 
only two isoscalar mesons /». A relatively large mixing is found between the N, S and G state, 

10 There is a conjecture, though no proof, that qgnn is given by the quark sea contribution ('disconnected 



insertion'), j^-gGNN = A(u s + u) + A(d s + d) + A(s + s) w 3A(s + s) |158|. Furthermore, qgnn could 



in principle be obtained from low energy baryon-baryon scattering in which an addit ional SU(3) singlet contact 



interaction arises from the ghost interaction but this is very difficult to measure [47C 
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and this is due largely to the effect of the anomaly and reminiscent of what happens in the case 



of pseudoscalar mesons [102]. On the basis of this analysis one may use the idea of 'axial vector' 



dominance to get information on the proton spin matrix element. The basic relation is 

(P\qwq\P) = 2^ m 2, _ h 2 lfc 2 =o ( 7 - 9 ) 



where (0| 177^75(71 A) denotes the transition element of the axial vector current between the vac- 
uum and the axial vector meson A, and (AP\P) describes the coupling of the axial vector meson 
to the proton. The 4-momentum transfer is k. Using Eq. ( |7.9| ) one can relate A (it + u), 
A(d + d) and A(s + s) to the corresponding couplings of axial vector mesons. Without the 
gluonic state, a relatively large value of the flavor singlet quark spin contribution AS ~ 0.52 is 
obtained. Inclusion of the gluonic state (GP\P) 7^ leads to numbers of the order AS ~ 0.25 
in accordance with DIS data. However, just as in the U(l) Goldberger Treiman model there 
is a free parameter which has to be fixed, namely the coupling gap to the proton defined by 
(GP\P) = igGpu{P)^ u ^u{P)e l/ where e u is the polarization vector of the gluonic state. It is 
hard to determine gap experimentally. The above number AS ~ 0.25 corresponds to the choice 
9gp = 19. 

A more general method to obtain nonperturbative results on the proton spin matrix elements 
is lattice gauge theory. After the 1987 EMC spin surprise, several attempts were made to 
compute Ag and (PS\tp'y^'y5'tp\PS) using lattice QCD. A first direct calculation of AS was made 
in [)419|| but without final results. Successful lattice computations in the quenched approximation 



were published recently [190, 258 , 296 1. A more ambitious program of computing the polarized 



structure functions g± and 32 is also feasible and encouraging early results were reported in 



[)296|| . In refs. [19C, 255], the scheme and gauge invariant matrix elements (PSlipj^^iplPS) were 
calculated. The results are shown in Table 6 and compared to the experimental data, although 
one should keep in mind that the computation of sea quark contributions might be questionable 



in a quenched calculation. Varying the quark masses it was found in [255] that a considerable 
amount of the sea contributions is mass independent and therefore must be induced by gluons 
through the ABJ anomaly. This is in accord with arguments based on perturbative QCD and 
presented in Sect. 5. However, for a direct lattice computation of Ag one would need gauge 
configurations on a sizeable lattice not available so far. It is hoped that lattice results for Ag will 
be available in the near future. The most recent improvement in this field is the implementation 



of an improved action by the DESY/HLRZ collaboration [102], i.e. of a systematic procedure 
for the removal of all terms linear in the lattice spacing a from the lattice observables |506| , 417] 
which reduces the cutoff errors order by order in a, yielding a better extrapolation towards the 
continuum limit |102(| . This 0(a) improved lattice theory yields, for example, Au v = 0.841(52) 
and Ad v = —0.245(15), in reasonable agreement with DIS experiments (cf. Sect. 6.1 and ref. 

I). 
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258[ 


Experiment 


A 


0.25(12) 


0.18(10) 


0.22(6) 


A 


1.20(10) 


0.985(25) 


1.2573(28) 


A 


0.61(13) 






0.579(25) 


A (it + u) 


0.79(11) 


0.638(54) 


0.80(3) 


A(d + d) 


-0.42(11) 


-0.347(46) 


-0.46(3) 


A(s + s) 


-0.12(1) 


-0.109(30) 


-0.12(3) 


F 


0.45(6) 


0.382(18) 


0.459(8) 


D 


0.75(11) 


0.607(14) 


0.798(8) 



Table 6: Axial couplings and quark spin content of the proton from lattice calculations according 
to [158]. Note that the 'experimental' singlet results are model and scheme dependent and the 
stated numbers refer to an average of recent LO and NLO (MS) analyses. In the off-shell scheme 
one obtains [41], for example, g\ = 0.45(9); see, however, ref. |§. 



There are also attempts to explain the smallness of g\, i.e. of AS, by invoking the Skyrme 
29|, 471, 167, 101]. Here one argues [127, 22S ] that the quark singlet contribution AS 

= 0(1) for each separate flavor, and a similar suppression 



model |27 

is suppressed by 1/N C while A(q + 
should hold for Ag(Q 2 ). Besides the fact that the precise relation between the Skyrme model 
and QCD is somewhat unclear, in particular in connection with Ag, this explanation has been 
questioned within the Skyrme model itself [471, 167, 101, 346). 

Alternatively, QCD sum rules [p6| , 162] result in a similarly small total singlet spin con- 
tribution g\ 



0.1 — 0.2 [31C, 321]. Again, a distinction between the individual AS and Ag 
contributions cannot be obtained. 

Most promising appears to be the chiral soliton approach towards the structure of the nu- 

which allows for the calculation of the full 



cleon within the effective chiral theory [201, 202, f>24 
x-dependence of the structure functions and the parton densities from first principles, in contrast 
to just their n-th moments as obtained in the nonperturbative approaches discussed so far. The 
relevance and influence of the instanton vacuum on low-energy QCD observables has been em- 
phasized in particular by Diakonov et al. [201, 202] who calculated unpolarized (spin-averaged) 
and polarized valence and sea input densities from first principles at the typical scale which is 
set by the inverse average instanton size p, i.e. Qq ~ p~ 2 ~ 0.36 GeV 2 . The instanton size 
remains the only free parameter in the calculation, and its inverse serves as an UV cutoff of the 
nonrenormalizable effective chiral field theory. What makes this approach quite promising is the 
fact that it predicts [201, 202], besides the valence densities, a valence-like input (unpolarized) 
sea density in the small-x region at Qq = 0.3 — 0.4 GeV 2 , which forms the basic ingredient for 
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198, [L9 



understanding and predicting all small-x unpolarized DIS HERA-data [11 , |3^ , 34, [19 
from first principles, i.e. pure (parameter-free) QCD dynamics [|286| , 288 , 289 1. So far, the polar- 
ized sea and the (un)polarized gluon input densities have not been calculated. It is in particular 
the valence-like gluon densities [289, 279], being 1/N C 'suppressed', which have to come out 
sizeable at Qq = 0.3 — 0.5 GeV 2 . Otherwise the chiral soliton approach does not refer to a per- 
turbative (twist-2) input scale reachable by perturbative RG evolutions, but instead would refer 
to some nonperturbative input quark scale which cannot be reached by perturbative evolutions. 
Nevertheless, for the time being, the chiral soliton approach appears to be a realistic model of 
nonperturbative QCD which might eventually link, from first principles, the confining regime to 
the perturbative sector. 

It should be stressed that only future (dedicated) experiments can ultimately decide about 
the physical reality of the various theoretical ideas and scenarios discussed so far. It should 
be kept in mind, however, that all realistic experiments are of course sensitive to the explicit 
x-dependence of the polarized parton densities 5f(x,Q 2 ) and in most cases are not directly 
related to their first moments A.f(Q 2 ). 



8 Transverse Polarization 

8.1 The Structure Function g 2 

For pure photon exchange the complete polarization part of the hadron tensor is antisymmetric 
and given by, cf. ( p.l| ), 

W £> = i^^Q P {S a 9i^,Q 2 ) + (S a - |^P> 2 (*,Q 2 )} . (8.1) 



For longitudinal polarization and at Q 2 much larger than M 2 the gi-piece gives the dominant 
contribution, with g% being suppressed by a factor x 2 M 2 /Q 2 according to (0). However, 
for a nucleon transversely polarized with respect to the beam direction, W^ v is proportional 
t° Tr(ffl +52)1 so that gi and g<i enter with equal coefficients but the whole contribution is 
down by a factor ^q- with respect to g\ in the longitudinally polarized case. This can again 
be derived from the inclusive, fully differential cross section Eq. ( |2.7D . Therefore 52 being 
measured at SLAC and DESY will have much less accuracy than g\. Furthermore, it is really 
the combination gx = g\ + 52 which is the 'transverse spin structure function' although, for 
obvious reasons, one usually refers just to 52 |340[| . 

Since 52 is related to a transverse polarization, it is not easy to find a partonic interpretation 



[pq , 348, 349 1 : In a transversely polarized nucleon, the quark spin operator projected along the 
nucleon spin, Y,? = 7o75<$V W1 th $ T ~ 71, does not commute with the free quark Hamiltonian 
Ho = a z p z and thus there exists no energy eigenstate \p z ) such that SrlPz) = \t\Pz)- Therefore, 
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St is a 'bad' operator and depends on the dynamics. Nevertheless, a transverse-spin average 
for quarks can still be defined in the nucleon and it is just gx = gi + (72 which is sensitive to 
the quark-gluon interactions - a clear sign that no simple parton interpretation can be made 
for it |340| , |347|| . This is in contrast to the longitudinally polarized nucleon, where the quark 
helicity operator En = 7o75$ii, with ~ 73, commutes with H and thus g%{x) measures 



directly the quark helicity distribution. It should be further noted, that 52 vanishes [|38|, |347|| 
for a free (massless or massive) quark, i.e. for a pointlike nucleon, and thus 52 cannot be 
expressed as an incoherent sum over free on-shell partons. The partons must be interacting 
and/or virtual in order to contribute to gi- Therefore, gi will serve as a unique probe of 'higher 
twist' (twist=dimension-spin=3) as well. 

Regardless of the difficulties with a partonic interpretation, gi itself consists of a twist-2 
{^2 W ) an d a twist-3 (§2) contribution, 

92=9^+92 (8.2) 

both of which can a priori contribute the same order of magnitude. The twist-2 contribution 
g^ W is the so-called 'Wandzura-Wilczek' piece |520(| which will be discussed first: In leading 



twist-2, the same operators in Eqs. (|4.72|) and (|4.73| ) contribute to g\ and g2\ therefore one has, 



through the optical theorem |340| , 347 ] 
1 



[dxx n - 1 gY W (x,Q 2 ) = - J— Vm^(QV>« s ) ,71 = 1,3,5,... (8.3) 
i 

By comparing this to the corresponding equation for gi, ( [4,75| ), one obtains [520 1 

1 

f dxx n-l [ !^Zl gi{x> Q2 )+g WW {XjQ 2 )] t W ist-2 =Q (g4) 

J n 



This can be inverted to Bjorken-x space to give 

gWW {XjQ 2 ) = _ gi{XjQ 2 )+ f 1 % i{ ^ Q 2 ) (85) 

Jx y 

which is the so-called Wandzura-Wilczek relation |520[| . This twist-2 expectation for g2 and 
the present experimental results on g\ are shown in Fig. Note that the twist-2 Wandzura- 
Wilczek piece g^ W of 52 obeys automatically the so-called Burkhardt-Cottingham sum rule 
[p.37| , L gY W {x, Q 2 )dx = 0, which follows from Eq. ( |8.4[ ) or (8.5) and to which we shall return 
below. 



It is a unique feature of 52 that the higher twist term 52 in (|8.2j ) is not suppressed by inverse 
powers of Q 2 and thus could in principle be equally important as the twist-2 contributions 
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Figure 45: Twist-2 expectations for the structure function g\ vw (x,Q 2 = 10 GeV 2 ), using a 
parametrization of the EMC data (solid curve) |)8], 59 1 on g±(x,Q 2 = 10 GeV 2 ), according to 
the Wandzura-Wilczek relation ( |8.5|) . 



gWW discussed so far. It should, however, be kept in mind that g~2 vanishes for ultrarelativistic 
on-shell quarks where S a ~ P u , i.e. in this case there are not enough four-vectors to form the 
required antisymmetric combination in ( |8.1| ). Furthermore, one might naively expect g~2 to be 
small because non-relativistic corrections, being of the order m q /M or m q /A, are small for light 
quarks. Future experiments will prove to what extent this is actually the case. A considerable 
twist-3 contribution, however, might be due to the off-shellness of interacting quarks with 



virtuality k 2 where k 2 /A 2 is not small |485| , 39, 40, |340| , 347]. On the other hand, within the 
covariant relativistic parton model approach it has been argued [ 339 1 that the quark virtuality 
k 2 is expected to be not sizeable and therefore deviations from the Wandzura-Wilczek relation 
( |3.5D should be small. In the following we shall explain this argument, because it allows to 
get some physical insight into the properties of g<i- As a straightforward generalization of the 
unpolarized case 272 1, the covariant parton model expression for the antisymmetric part ( |8.1| ) 
of the hadron tensor is given by a convolution over the struck parton's momentum in the 'hand 
bag' diagram, 



W£,{q,P,S) = Y, [ d"kf s (P,k,S)w^ }S (q,k)d[(k + qf - m 2 ] 

s=± J 



1.6) 



where f s is some Lorentz-invariant hadronic wave function. The antisymmetric tensor for the 
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parton-photon interaction is given by 



w 



\tr[{l =F 75^)(^ + "i)7m(^ + i + m)jv] - {ji v) = ±ime^ va pq a n 13 (8.7) 



4 



with vP being the off-shell parton spin vector, k ■ n = 0, n 2 = — 1. Defining 



a comparison of Eq. (8.6) and (|8.1|) yields 



„(,) = f / W<* + *")(! - ^#)d - l2M2 ^ 2 + 4 ) (8.9) 



9rW = 9lW+!BW = ^ y dk 2 d$f{x + ^y^,k 2 )^p (8.10) 

for a longitudinally and transversely polarized photon, respectively. The last equation, ( |8.10|) , 
immediately proves that a finite transverse polarization result can arise only for a non- 
vanishing parton transverse momentum k\ ^ 0. Therefore, the EMC observation of a non- 
vanishing value of Jq g\(x)dx is direct evidence for k\ ^ (via the Burkhardt-Cottingham sum 
rule Jq g2{x)dx = 0, to be discussed below). Furthermore, the second factor in parentheses in 
the integrand of Eq. ( |3.9| ) proportional to 2k 2 violates the Wandzura-Wilczek sum rule and 
explicitly describes higher-twist corrections (§2) to it. In the absence of this term one easily 
derives from (|8.9| ) and ( 8.10 ) 



d 1 

^[gi(x)+g 2 (x)] = -- gi {x) (8.11) 



and hence the Wandzura-Wilczek sum rule ( |8.5| ). There seems to be not much room for a 
sizeable k 2 7^ since the first term in parentheses in the integrand of Eq. ( |8.9| ) gives rise to a 
zero for g±(x) if k 2 + k 2 -, ~ x 2 M 2 . The lack of experimental evidence for such a zero suggests 
that k 2 + k\ « x 2 M 2 . I gnoring the possibility that k 2 < contributes appreciably, the 
second factor in parentheses in ( |8.G| ) is essentially unity, giving thus only small corrections to 
the Wandzura-Wilczek sum rule. It should be noted that gr(x) in Eq. ( |8 . 1 0| ) gets no additional 
off-mass-shell correction, besides from the one entailed in /, and that a measurement of g\ gives 



a direct estimate [339 1 of the mean intrinsic kx of partons as a function of x, in complete analogy 
with the unpolarized case []272|| . 

Unfortunately, it must be noted that the scale Q 2 , at which these results are supposed to 



hold, remains undetermined within the covariant parton model [272]. Therefore, these results 
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have only a qualitative rather than a quantitative character. Furthermore, and more impor- 
tantly, the virtuality k 2 alone is not a reliable measure for the importance of all possible twist-3 
contributions to g2, because of the appearance of additional twist-3 operators which describe 
quark-gluon correlations and explicitly quark-mass-dependent operators. These operators will 
now be discussed in some detail: In the OPE approach to 52 the higher twist terms are deter- 
mined by a tower of operators whose number increases with increasing moments. Therefore, 
Eqs. (8.3)-(jO|) are incomplete due to the neglect of 52 in ( |8.2| ), and in principle significant 
modifications of Fig. ^5] might be expected. The modifications 52 due to higher twist can be 
described in terms of matrix elements of the following twist-3 operators [378, 485 , 347 , 381 , 382] 

■n-1 



nff/il-Mn-l 



n 

n-1 



-[(n - l)-0757 <J J D {w • • • D^-^ip 



'"n-1 



1 = 1 

.•n-2; 



V n -l- k + U k + Un^-k) , 



K k 



In 



3.12) 

3.13) 
3.14) 



where m q in ( |S.13| ) represents the quark mass (matrix) and {} means symmetrization over the 
Lorentz indices; furthermore, the flavor structure (A ) for the quark fields ip has been suppressed 
for simplicity and the appropriate subtraction of trace-terms is always implied in order to render 
the resulting operators traceless, i.e. of definite spin. The operators in ( |8.14|) contain explicitly 
the gluon field strength G^ y and its dual tensor G^ u = \£^ va pG a ^ and are given by 



i n gSij}^D^ ■ ■ ■ G a ^ k ■ ■ ■ D^- 2 j^~ l ip, 



-TL — 3 



gS^D^ 1 ■ ■ ■ G a>Mk ■ ■ ■ D 1 ** 



-2^-1^ 



where S means symmetrization over \i{ and g is the QCD coupling constant. It is a well-known 
fact (48§ [39], fE], |47|, |gg, |8|| that these operators (gg)-(g3g) are not independent and 
related through the 'equation of motion' operator 



OITUl---/i„_l 

±L eq 



n 



2n 



(8-15) 

Making use of the identities -D u = ^{7^,^} and [D^-Dj,] = one can obtain the following 

relation for the twist-3 operators, 



Hp 



n 



1 



n-2 



n 



'"n-1 



.16) 



fc=l 
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Leaving aside the Q 2 dependence for the time being, the moments of g 2 are given by 



dxx n - 1 g 2 (x,Q 2 ) = -V—-(d n -a n ), n = 3,5,7,... (8.17) 



which represents the generalization of the pure twist-2 relation ( |8.3| ) and where the contribution 
from the twist-2 operators is summarized in a n = ^2 M™Ef and d n is the matrix element of 

i 

the sum of all twist-3 operators contributing to the n-th moment of g 2 . Note that this formula 
is only true if one formally keeps Rf in the operator basis because the matrix element d n is 
defined by 

71 — 1 

(^SliC 1 '"^- 1 !^,,?) = dJS a P^ - S^P a )P^ 2 ...p^-i . (8.18) 

n 



If one eliminates Rf from the basis via Eq. (|S. 16|) , the matrix elements of the operators R ri 



Rk and R eq will appear. Note further that there is no relation ( 8.17] ) for the first moment n=l 



because there is no twist-3 operator for n=l. This is in contrast to g\ whose first moment is 
fixed in the operator product expansion by the matrix element of the axial vector singlet current 
(cf. Sect. 5). 

Combining Eq. (8.17) with the analogous pure twist-2 relation ( [4. 75 ) for g\, 



1 1 

dxx n ~ l gi (x, Q 2 ) = -o„ , (8.19) 







it has become customary to extract the pure twist-3 matrix element d r , 



d n (Q 2 ) = 2 f 1 dxx^lg^x^Q 2 ) + ^g 2 ( X: Qi)} = 2-^— C dxx n ~ x g 2 {x,Q 2 ) (8.20) 
Jo n-1 n - 1 J 



where the latter equality follows from Eqs. (^) and ( ^.4|) . Being pure twist-3, d n (Q 2 ) is 
a direct probe of non-partonic effects such as quark-gluon correlations. In other words, it is 
a direct measure of deviations from the (twist-2) Wandzura-Wilczek relation (|8.5| ). Several 
experimental attempts at CERN (SMC ||) and SLAC (E143 |], E154 [§) to observe such 
deviations by measuring g2 ,n,d (x, Q 2 ) via At in ( [2.13 ) did not result in any statistically relevant 



twist-3 contribution {g 2 ) to g 2 , i.e. present data are in agreement with the twist-2 Wandzura- 
Wilczek prediction derived from (8^), g 2 (x,Q 2 ) w g\ vw {x, Q 2 ), at presently attainable values of 



Q 2 . Qualitatively, the observed tendency is that g 2 (x, Q 2 ) is positive in the region of smaller x 
and negative in the region of larger x values, in agreement with the twist-2 Wandzura-Wilczek 
expectations || (cf. Fig. |45|) . More specifically, present measurements imply, for example, for 
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the third n = 3 moment d 3 (Q 2 ~ 5GeV 2 ) in Eq. ( |8.20| ) the following results 



a% 

4 



(5.4 ±5.0) x 1(T 3 
(3.9 ±9.2) x 10~ 3 
(-10 ± 15) x 10~ 3 



(£143) 
(£143) 

(£154, SLAC average) 



.21) 



Comparing these results with bag model expectations [500, 36£, 494, 495], d^ 



4 



(3 to 7) x 10~ 3 and d§ 



(6 to 18) x 10" 3 , 

2.5 to 0.3) x 10~ 3 or with those obtained from QCD sum rules 
@, |49"9| , d p 3 « (-9to0) x lO" 3 , dj ps (-22 to -8) x 10" 3 and d% « (-40to-15) x 10~ 3 , it 
becomes clear that for the time being there is no possibility to distinguish between different 
models. 

As a side remark, it should be noted that the matrix elements d n appear also in higher twist 



corrections to g\. For example, the first moment of g\ has an expansion [221, 36€ [ 



1 M 2 M 4 
dx gi (x, Q 2 ) = -a x + ggs (as ± 4d 3 + 4/ 3 ) + 0(-^] 



.22) 



The higher twist corrections in this result are not completely fixed by a 3 and 03, but there is 
another matrix element / 3 of a twist-4 operator involved, defined by 



J24(PS\qgG a ^q\PS) = 2M 2 f 3 S a 



3.23) 



This twist-4 matrix element / 3 has been estimated [74, 221 , 364 1, partly from a QCD sum rule 
approach, with similar uncertainties as the above estimates of ci 3 . 



There have been attempts to calculate also g2(x,Q 2 ) in the bag model [347, 500 , 494 , |495|| . 
The bag model does not contain gluon fields explicitly, but the boundary of the bag-confined 
quarks simulates the binding effect coming from quark-gluon and gluon-gluon interactions. 
Hence, the structure function g<i calculated in the bag model includes higher twist effects and 
measures possibly large twist-3 matrix elements comparable in size to the twist-2 ones. Indeed, 



sizeable departures from the Wandzura-Wilczek relation 500 1 have been noted in an extended 
version of the MIT bag model [ |478[ |. They are mainly induced by the non-covariance of the 
relativistic bag model, which originates from the implementation of the bag boundary in the 
equation of motion. This is in spite of the fact that the average parton virtuality in the bag is 
small, from which one might erroneously conclude that gi ~ according to the covariant parton 



model discussed above. The predictions for #2 1500| 1 are shown in Fig. 46. It should, however, 
be emphasized that the results of such bound-state models are expected to hold at some non- 
perturbative bound-state scale, typically Q 2 ~ A 2 . Strictly speaking, it is therefore not even 
possible to use these predictions as an input for an evolution to a larger scale Q 2 > 1 GeV 2 , 
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Figure 46: Predictions for g 2 [50C] of an extended (one-gluon exchange) version of the MIT bag 



model [475] using a bag radius R=0.7 fm and spin-singlet and -triplet intermediate diquark 
masses of 0.56 and 0.8 GeV. The EMC prediction for g^ W of Fig. ^5] is also shown. 



unless one arbitrarily chooses the bag bound-state scale Q 2 » A 2 , from where a perturbative 
evolution could be started. In order to demonstrate the importance of different scale effects, the 
EMC prediction for the twist-2 g$ rw at Q 2 ~ 10 GeV 2 is taken from Fig. 45 and shown in Fig. 
fl6| as well. The difference between the bag and EMC prediction is indeed very large, indicating 
that expectations from bound-state models are not very relevant for actual deep inelastic mea- 
surements. This is not very surprising since the bag predictions for g\ 347 ] and for unpolarized 
structure functions [478] also disagree with actual deep inelastic measurements. Therefore, the 
large bag model prediction for g 2 appears to be not too relevant for future experiments. In 
fact, other models |421| , 423, 474] based on the light-cone quark model ] |209H give substantially 

l6|. According to these models, g 2 and g 2 could also 
-1) for x < 0.1. Therefore, it should be reemphasized 



.5) and 



16 1 are, within 



different predictions for g 2 (x) than Fig. 
become strongly negative (of the order of 

that it is very important to check experimentally first the Wandzura-Wilczek relation 
then to extract g 2 = g 2 — g* 2 w > despite the fact that present experiments [5] 
large errors, consistent with a vanishing g 2 (x, Q 2 ). 

We have already noted, that for the first moment of 52 there is no twist-3 operator within 
the light-cone OPE. This is a hint, though no proof, of the so-called 'Burkhardt-Cottingham 
(BC) sum rule' p7 | 

pi 

dxg 2 (x,Q 2 ) = . (8.24) 
This relation can be derived as a superconvergence relation based on Regge asymptotics (see 
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[|340(| for a review). Recently it has been shown by an explicit calculation, that it is fulfilled in 
higher order QCD |380(| . The (more general but also more questionable) Regge proof was 
derived by considering the asymptotic behavior of the virtual Compton helicity amplitude A2 
related to g2, 



92{x,Q 2 



-ImA 2 {q 2 



where v 



2ttM 4 ' 

P ■ q. The first moment of 52 is given in terms of A2 as 



Jo 



dxg 2 (x, Q 2 ) 



Q 2 



2vrM 4 



<? 2 /2 



dv ImA2(q 2 , v') ■ 



.25) 



(8.26) 



Combining Cauchy's theorem with crossing symmetry one finds the following dispersion relation 
for A 2 : 



2 f c 
A 2 {q 2 ,v) = ~y \ 

7T J-, 



dv' 



;ImA2(q 2 , u') 



Burkhardt and Cottingham argue that all known Regge singularities contributing to A2 have 
an intercept a(0) less than zero. This is equivalent to the statement that A2 falls off to zero 
stronger than ^ as v — > 00 (more precisely ~ v a ^~ l modulo logarithms). This implies that one 
can take the limit v — > 00 under the v' dispersion integral and obtains 



2 f°° 

A 2 {q 2 ,u)^ / dv'lmA2{q 2 , v') 

™ J-q' 2 /2 



.28) 



which is compatible with the rapid Regge fall-off only if the integral vanishes. Thus (8.26) 
implies the BC sum rule ( |S.24 ), 

The derivation raises some questions. For example, Heimann [ 320 1 has argued that there 
might be contributions from multi-pomeron cuts which invalidate the assumption of intercept 
less than zero and would imply a highly singular behavior 52 (x) ^ X ^ clS X — > so that the first 
moment integral would not even converge. On the other hand, Regge cuts with branch points at 
a(0) > or specific nonpolynomial residue J = fixed poles in Compton amplitudes [150, 34C] 
could invalidate the BC sum rule by terms of order at most 1/Q 2 . It is, therefore, possible that 



the BC sum rule might be restored asymptotically, as Q z 
Pomeron cuts fall off at Q 2 



00, because the residues of the 



00. Apart from such an 'exotic' situation, the BC sum rule 
appears to be very robust and is most probably true [340, |34 



Furthermore, in the framework 



of perturbative QCD there is no indication of a violation of the BC sum rule [44, 38C] so that 
we believe that it is probably valid at sufficiently high Q 2 . It should be emphasized again, that 
the light-cone OPE per se is non-committal about the BC sum rule since the twist-3 operators 
with mixed symmetry in ( 8.12 )-( 8.14 ) need at least two (antisymmetrized) indices (n > 1) which 
implies the validity of Eq. (8.17) only for n > 1. We would need the n — > 1 continuation of the 



169 



twist-3 matrix element d n : if d n is less singular than (n — 1) 1 as n 
would hold, as one might naively expect; it would not hold if d n < 



► 1, the BC sum rule d8T24|) 
(n — for n — ► 1 (but 



on the other hand we know that the twist-2 matrix element a\ in (8.19) is not singular because 
the n = 1 moment of g\ is finite). It is clearly important to check the validity of the BC sum 
rule experimentally - as far as possible. Present measurements at an average Q 2 of 3 to 5 GeV 2 
imply § § 



dxg v 2 \ 



x,Q 2 



-0.013 ±0.028, 



0.03 



dxg%(x,Q 2 ) = 0.06 ±0.15, 



.29) 



0.014 



which are consistent with (8.24) but certainly not conclusive. It would nevertheless be very 
interesting if the BC sum rule were not true, because this would imply a non-conventional 



behavior of twist-3 operators (d n ~ (n — 1) 1 ) or the importance of long range effects [347, 423 , 
i"2ll , B- 

Another interesting, but less problematic sum rule concerns the valence content of g\ and g2 



/ 



dxx[ gi (x,Q 2 ) + 2g 2 (x,Q 2 )] 



2\}valence 



.30) 



which amounts to the vanishing of all twist-3 contributions to the second (n = 2) moment of 
g 2 . Apart from the fact that this sum rule can be independently derived from the OPE [|108[] . 
there is also a wealth of similar sum rules between structure functions in the electroweak sector 
(see [107, 108] and references therein) which are unfortunately beyond experimental reach for 



the time being. 

Let us finally come to the logarithmic scaling violations to Eq. ( |3.17| ), in particular the Q 2 ~- 
evolution of g 2 (x,Q 2 ) is theoretically unknown and in general an unsolved intricate problem, 
because the number of independent twist-3 operators increases with n |5S, 133, 134, & 



v. Thus 

the dimension of the anomalous dimension matrix becomes larger with increasing n and therefore 
there exist no Altarelli-Parisi-type evolution equations. Anomalous dimensions and coefficient 
functions for g 2 have been calculated, see 363 , |382|| and earlier references quoted therein, but for 
principal reasons a satisfactory physical model to predict g2(x,Q 2 ) does not exist. There have 



been attempts [37], to which we shall return below, to construct practical approximations to the 
Q 2 evolution in the large-n limit (x — > 1) as well as in the limit N c — > oo. Unfortunately, the 
very large-x region and probably also the large N c limit are experimentally not very relevant. 
The latter just gives an indication that the effect of the Q 2 evolution of g2(x,Q 2 ) might be 
large throughout the whole x-region |500| ] . Furthermore, a parton inspired picture involves two- 
parton 'correlation functions' C(xi,X2), where two partons (with Bjorken x\ and x 2 ) split from 
the proton at the same time and interact with the photon (see, e.g., [421, |507|[), However, these 



functions are as undetermined as the matrix elements of the higher twist operators. 
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At the end of this section we want to discuss the operator mixing and its effects on the 
Q 2 -evolution and the coefficient functions for the simple case of n = 3. The coefficient functions 
at the tree level and the anomalous dimensions for the operators depend separately upon the 
choice of the independent operator basis. But the Q 2 evolution of the moments of </2 does of 
course not depend on it. In the case n = 3 there are four operators with the constraint 



R F 



3-Rm + Rl + Req, 



5.31) 



where the Lorentz indices of operators are omitted. One may choose the operators Rf, Rm, andi?i 
as independent operators and eliminate the 'EOM' operator R eq . One then gets the following 
renormalization matrix for the composite operators 



( Rf \ 

Ri 

Rrr, 
\ Reql J 



R 



( Zu Z\2 Z13 Z14 ^ 

Z21 Z22 Z23 Z24 

z 33 

\ z 44 / 



/ Rf \ 

Ri 

Rm 
\ Reql / 



3.32) 



where the Zy can be calculated in dimensional regularization and are of form Zu = <%+- — 
with D = 4 — 2e. A straightforward but tedious calculation gives [381, 382] 



Z\\ 


= \C F + |iV Cj 


Z12 


= -\c F + 


21 N 


Z13 


= 3C F - \N C , 


zu 


— — - N 




«21 


= \C F - \N C , 


222 


= ~\Cf + 


25 N 
8 iVc ' 


223 


= -\C F + j2-N c , 


224 


= lN c , 




^33 


= 6C F , 


Z44 


= 0. 





.33) 



R eq i is a gauge non-invariant 'equation of motion' operator 



.34) 



which comes into play when renormalizing the operators in Q5.31 ). Although this operator is 
gauge non-invariant, it may be chosen to appear in the operator basis because it vanishes by 
the equation of motion. The above results in Eq. ( |3.34 ) satisfy the equalities [ 381 ] 



2 2 2 

211 + 212 = z 2 \ + z 2 2, -zu + 213 = 2^21 + z 2 3 + -233, 



213 - ^212 



2 2 

223- ^z 22 + -233 . (8.35) 
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What happens if one chooses Ri, R m , R eq and R eq i, and eliminates Using ( 8.31| ) and the 
relations ( 8.35| ) one gets the renormalization matrix 



/ Ri \ 

Rm 
Req 
\ Reql J 



( Z21 + Z22 %Z%\ + Z23 



R 



V 









Z33 





Z21 Z24 


Z11 — Z21 Zu — Z24 

z 44 



\ 


f Ri 


\ 




Rm 






Req 




/ 


\ Reql 


) 



.36) 



B 



This choice of basis was adopted, for example, by [37| in their approximate calculation of anoma- 
lous dimensions in the large N c limit: 



1 1 



1 

2n 



.37) 



valid for large n, i.e. for large values of x close to 1. It should be noted that this anomalous 
dimension differs substantially from the one naively obtained by ignoring the operator mixing as 
was done in the early days [[322| , 473, [3(], |3l], [378, 379 , 59]. In that approximation the evolution 
equation for the moments of the twist-3 contribution 52 to 52 in Eq. (3.2) reads 



dxx 11 g2(x,Q 



(a s (Q 2 )l J' 



dxx n 1 g2(x,Qo) 



5.38) 



with (3q given in ( |4.13| ), This Q 2 evolution has been quantitatively studied in [50C] and used by 
H to compare bound-state model predictions, e.g. in Fig. |{| with experimental results, such 
as the ones in ( 8.21] ), at larger values of Q 2 . 

8.2 Transverse Chiral— Odd ('Transversity') Structure Functions 

In analogy to the unpolarized and polarized structure functions F\ and g±, the 'transversity' 
structure function 455 , 37S, 134. 
(4.5)) 



18^ , p48| , |34S| , [461] | is, in LO, formally given by (cf. Eq. 

(8.39) 



hi(x, Q 2 ) = lYl e l i 5 T<l( x , Q 2 ) + S T q(x, Q 2 



where, similarly to Eqs. (4.1) and (4.2), 



£tV (x,Q 2 ) = V t (x,Q 2 ) 



(-) 



(x,Q 2 



I AO) 



describes the (anti)quark 'transversity' distribution with Q T ( Q ^) being the probability of 
finding a (anti)quark in a transversely polarized proton with spin parallel (antiparallel) to the 
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proton spin. The transverse polarization of a quark entering an interaction kernel is obtained 

by using u(p, s) u(p, s) = —^75 for its spinor u(p, s) with s -p = 0. The 6t Q are related to the 
tensor current qia^^q which is chiral (and charge conjugation) odd, i.e. measure correlations 
between left- and right-handed quarks, q^ «-► qn, induced for example by nonperturbative con- 
densates (q~L qn) in the nucleon. Thus, unlike in the familiar case of the q[x, Q 2 ) and 5q(x, Q 2 ), 



there is no gluonic transversity density at leading twist [344, |356| , 492]. Together, q, 5q and 5xq 
provide a complete description of quark momentum and spin at leading twist as can be seen 
generically from a spin-density matrix representation in the quark- and nucleon-helicity basis, 

H x > Q 2 ) = o q ( x > ( 5 2 ) / 1 + o^^' °"3 + 2*rg(a?, <2 2 )(o + ® tr- + <r- ® <r+) . (8.41) 

Thus the 9 {x,Q 2 ) are leading twist-2 densities and complete the twist-2 sector of nucleonic 
parton distributions, and are therefore in principle as interesting as the familiar f(x,Q 2 ) and 

5f(x,Q 2 ). Unfortunately, the 5? Q densities are experimentally more difficult to access and 
entirely unknown so far. (Although the name 'transversity' is fairly universal, the notation 
is not. In addition to Sj^q, notations such as h\, hr, ^TQ, &iq, 5q etc. are common as well 



1 455| , Egg , |4|, |4|, H). 

It should be remembered that the common unpolarized and longitudinally polarized quark 
densities q and Sq, respectively, considered up to now are related to the matrix elements of 
vector and axial-vector currents, qj^q and (77^759 = qLlfij5QL + ?R7|»75?ii, respectively, which 
preserve chirality, i.e. are chiral-even (qi, — > qi-, qn — » ^_r) in contrast to the chiral-odd 5rq- 
Thus, the transverse spin structure function = <7i +52 (or 52) of the previous Sect. 8.1, which 
preserves chirality, must not be confused with h\ which flips chirality. We have seen that for 52 > 
arising from transversally polarized nucleons, the cross section picks up a factor of ¥ because 

in these processes the nucleon helicity changes but the quark chirality does not change in the 



hard scattering subprocess |348| , |349| , 132]. Therefore it is obviously not possible to measure 
the chiral-odd transversity structure function hi(x,Q 2 ) in usual ep inclusive DIS which, apart 
from small quark mass corrections, gives always rise to chiral-even transitions {~f*qL 
etc.), i.e. to F\ % and gi^- The chiral-even transitions are illustrated in Fig. 52 where the quark 
lines leaving and entering the nucleon are of a single chirality. This is so because the photons 
and gluons participating in the hard scattering process have a vectorlike interaction with the 
massless quark. Thus in lowest order only two independent quark-nucleon amplitudes enter the 
description of DIS: the sum in Fig. 53 over chirality gives the unpolarized structure function F\ 
(or F2), whereas the difference gives the structure function g\ of longitudinal polarization. 

On the other hand, in hadronic collisions, the chirality of the quark lines leaving and entering 
a given nucleon need not be the same, as illustrated in Fig. 54. This is due to nonperturbative 
condensates (c[lQr) 7^ which break the chiral symmetry of the QCD vacuum as well as of the 



173 




L 






i — *~i 




6006666000 








Figure 47: Chiral (even) structure of deep inelastic scattering. 





Figure 48: Left- and right-handed chiral even quark distributions as measured in DIS whose 
sum and difference give Fi(x,Q 2 ) and gi(x,Q 2 ), respectively. 



nucleon structure due to bound state effects [348, 349], |132[ . The corresponding new leading 
twist— 2 structure function is referred to as hi(x,Q 2 ) in (8.39). Its interpretation is obscure in 



the chiral basis, but is revealed by using the transverse projection operators = |(1 ±75$^) 
instead of Pr,l = |(1 ± 75), c.f. Eq. (1.3). Here the transversely polarized nucleon and quarks 
are classified as eigenstates of the transversely projected Pauli-Lubanski spin operator 75^ 



(which is the more familiar form proportional to Wu 



[11/ pa 1 



i.e. j 5 3 T u(P z ,S T ) 



±u(P z , St)- In contrast to the transverse quark spin operator 7o75$t relevant for g<i in the 
previous Sect. 8.1, the Pauli-Lubanski operator j^St commutes with the free quark Hamiltonian 
Hq = a z p z , and therefore h\(x,Q 2 ) can be interpreted in terms of the quark-parton model as 
done in (8.39). 

There are further subleading (twist-3) transversity distributions 348 , 349 , |440| 1 such as 
/12 which is the chiral-odd analog of 52 • There is, furthermore, a twist-3 chiral-odd scalar 
distribution e(x, Q 2 ) related to the unit operator, i.e. measuring, via its first moment, the nucleon 
a-term. More explicitly, the complete set of structure functions are defined by the light cone 
Fourier transform of nucleon matrix elements of quark bilocal operators as follows: 

d\ 



e iXx (PS\q(0)lM^)\PS) = 2[f?(x, Q' z )p^ + M 2 f%(x, Q 



2tt 



in. 



.42) 
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Figure 49: Chiral (odd) flip distribution which gives the 'transversity' structure function 
M*,Q 2 ). 



dX 
2^ 



iXx 



(PS\q(0)wq(\n)\PS) 



i\x 



2tt 



e lAx (PS\q(0)q(Xn)\PS) 



dX 
2^ 



iXx 



x {PS\q^)ia^ l5 q{Xn)\PS) 



2M[g q (x, Q 2 )p^S ■ n + g q T (x, Q 2 )S Tfl 
+ M 2 g q (x,Q 2 )n, l S-n] 
2Me q (x,Q 2 ) 

2[hl(x, Q 2 )(S T ij,Pu - SruPfi) 



S.43) 
$.44) 



+ h q L (x, Q 2 )M 2 (p fl n u - p u n^)S ■ n 
+ h q (x, Q 2 )M 2 (S T ^n u - Stu^)] 



.45) 



which holds at some factorization scale Q 2 , h q L = \ h\-\- h?,, and in order to follow more closely 
the original notation [ p48| , |349| we have used f q = q, g\ = 5q, h\ = 5xq, etc. Two light-like 
null- vectors (p 2 



n 



0) have been introduced via the relation P^ = p^ + — with p-n = 1, 
and the nucleon spin vector is decomposed as = S ■ np^ + S ■ pn^ + St^- The twist-4 
contributions f q , g q and will not be considered in the following. 

The 5t 1 and the longitudinal 5 Q densities are not entirely independent of each other since 

one clearly has Q + + Q -= Q ^ + Q ^ by rotational invariance, which implies the general 
positivity constraints [p46 



34911 



\StQ ) (x,Q 2 )\ < V (x,Q 2 ) 



in complete analogy to (4.11). A second inequality has been derived by Soffer [490], 



\5tQ ) {x,Q 2 



1 

< - 
~ 2 



V (x,Q 2 ) + 5 i q ) (x,Q 2 ) 



(-) 

= 1 H 



(x,Q 2 



IA6) 



.47) 



which has its origin in the positivity properties of helicity amplitudes. This latter inequality can 
also be derived in the context of the parton model |}490|, [488|, |29 
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Being a twist-2 quantity, where only fermions contribute, h\(x,Q 2 ), i.e. 5 1 t {x,Q 2 ) obey 
a simple nonsinglet-type Altarelli-Parisi evolution equation. In LO it is similar to (4.12) and 
reads 166 



where t = £n%r and 
Qo 



6 T P$(x) = C F 



(l-x)+ 2 



.48) 



.49) 



with Cjr = |. Alternatively, in Mellin n-moment space this RG evolution equation becomes 
similar to (4.24) and reads 



tJtQ n (Q 2 



a s (Q 2 



(-), 



.50) 



where the n— th moment is defined by Eq. (4.22) and the n-th moment of (8.49) is given by 



S T P C 



(0)n 



25i(n) 



3.51) 



with Si(n) being defined right after Eq. (4.26). The solution of (8.50) is straightforward and 
is formally identical to the one in (4.27). Recently, the calculation of the NLO 2-loop splitting 



functions &TPqq± (x) has been completed in the MS factorization scheme |39l|, |318j , |514|1 for the 
flavor combinations 5xq± = ^TQ =t 8tQ- The LO evolutions of the twist-3 distributions e(x, Q 2 ) 
and Hl{x, Q 2 ) in (8.44) and (8.45) have been studied as well recently ||385| , |386| , [75], |94|]. 

tq\x,Q 2 ) 



Since the corresponding evolution kernels are entirely different for the Q(x,Q 



and 5t Q (x,Q 2 ) densities, the question immediately arises whether the Soffer inequality 
is maintained when QCD is applied [297, |370| 
preserved by LO f? 



.47) 



]. It turns out, however, that this inequality is 
QCD evolutions at any Q 2 > Qq provided it is valid 



and NLO |lj, ^3 
at the input scale Q 2 = Qq- 

As stated above, the transversity distributions are experimentally entirely unknown so far. 
Being chiral odd, they cannot be directly determined from the common fully inclusive DIS 
process, i.e. h\(x,Q 2 ) is not directly measurable despite its formal definition in (8.39). One 
would need, for example, to measure a (single) transverse asymmetry in single transversely 
polarized semi-inclusive DIS ep*^ 



etfX with h = A, jet, ... M, M [L77|, £7 



5SjJ. This 

requires, however, a (difficult) measurement of the transverse polarization of the final state h* . 

for determining the polarization of 



Old ideas @4|, |l§ have been revived glj, |77|, |17|, |35 
an outgoing quark (or gluon), in particular chiral-odd fragmentation functions, via the hadron 
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distribution in the jet, for example. Perhaps a more feasible possibility has been suggested 
recently [)350| , |343| to extract 5xq from DIS two-meson production, e.g. ep^ — > e7r + 7r _ X via 
a Collins-angle-like <f> distribution [177] by measuring the observable 7r + x 7?~ • St, i-e. the 
correlation of the normal to the plane formed by the three-momenta tt^ with the nucleon's 
transverse spin. This, however, requires the cross section to be held fully differential to avoid 
averaging the meson-meson final state interaction phase to zero. It is conceivable that HERMES 
and (in the not too distant future) COMPASS can perform such measurements. 

A more natural way to search for transversity densities is in doubly transversely polarized 
hadron-hadron initiated reactions like p^p^ — > ^ pT , 7, jj, cc, . . . X 
ELM |355|, |5H, |l8lL B6 



70, 1514], pll, pi pp. M, 067). Here the chirality changing densities 



132, 



(cf. Fig. 54) appear automatically in the initial states without extra suppressions as illustrated 
for Drell-Yan dilepton production in Fig. 55. The expected double transverse asymmetries 
Att turn out, however, to be prohibitively small, Att *C All (typically, smaller by about an 
order of magnitude), i.e. much smaller than the doubly longitudinally polarized asymmetries 
(inlcuding the DIS A\ and A2) considered thus far. Single transverse asymmetries At measured 
in reactions like pp^ — » j* X might be sizeable (about 10%) |501| , but require again a delicate 
measurement of the polarizations of the outgoing quarks and gluon via the hadron distribution in 
the final jet j' . Such experiments could be performed at HERA-N(phase I) and RHIC. Whereas 

these purely transverse asymmetries Att and At measure solely 5t 1 , a mixed longitudinal- 
transverse asymmetry Alt, down by a factor M/Q, gives access to hz(x, Q 2 ) = \h\+ti2 provided 
gi and §t = 9i + 92 are known [|348| , |349| , |355| . It should be noted that most of these processes 
have been analyzed in LO-QCD, with the exception of transversely polarized Drell-Yan dimuon 
production which has been already extended to the NLO within different factorization schemes 
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514, m 



Due to the lack of any experimental information, all these studies and expectations for trans- 
verse asymmetries are based on theoretical model estimates for St 1 and the other subleading 
transversity densities. In the non-relativistic quark model, STq{x,Q 2 ) = 5q(x,Q 2 ) due to ro- 
tational invariance, whereas in the bag model [|348| , |349| , |50C| , 481 ] 5Tq{x,Q 2 ) ^ Sq(x,Q 2 ) in 
the medium to large x-region — both expectations hold presumably at some non-perturbative 
bound-state-like scale Q 2 = 0(A 2 ). Somewhat smaller results, 5Tq{x,Q 2 ) ^ 5q(x,Q 2 ), are ob- 
tained by a chiral chromodi-electric confinement model |81] and by the chiral soliton approach 
H| at Q 2 ~ 0.3 GeV 2 , and with QCD sum rules |337| at Q 2 > 1 GeV 2 . It seems that transver- 
sity densities are sizeable and not too different from the (longitudinal) helicity distributions. 
Anyway, <5r<7 7^ Sq {h\ ^ gi) directly probes relativistic effects in the wave function. In particu- 
lar, h\ could develop a very different small-x behavior as compared to g\ [81, 325, 375, 481]. 

There have also been attempts [349, 319, |49 



[477] , |81f| to estimate the nucleon's "tensor 
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Figure 50: Chiral structure of hadronic Drell-Yan production of lepton pairs with invariant mass 
Q 2 = q 2 > produced by the virtual photons. Chirality flip (R <-> L) occurs without suppression 
due to the two initial hadrons (non-perturbative bound states) involved in the process. 



charge", i.e. the total transversity Axq(Q 2 ) carried by quarks, 

f 1 [5 T q(x, Q 2 ) - 5 T q(x, Q 2 )} dx = A T q(Q 2 ) , (8.52) 
J o 

which is a flavor non-singlet valence quantity (quarks minus antiquarks, since the tensor current 
is C-odd) and measures a simple local operator analogous to the axial charge (cf. Eq. (5.33)) 

(PS\qia^ 5 q\PS) = (S^P V - S u P^)A T q . (8.53) 

Unlike its vector and (NS) axial-vector equivalents, the tensor charge is not conserved in QCD, 
so it has an anomalous dimension at one-loop. To understand the physical meaning of the tensor 
charge it is helpful to make a comparison between the chirally odd and even matrix elements in 
the rest frame of the nucleon, = (M, 0) and = (0, S) 

(PS\qia io75 q\PS) = (PS\q^ iq \PS) = Si& T q (8.54) 
{PS\q^ h q\PS) = (PS\<hoEiq\PS) = SiA(q + q), (8.55) 

i.e. the spin operator related to axial current differs by an additional 70 from the expectation 



value of the Pauli-Lubanski "transversity" operator. The above estimates imply [)319| , 477 , 81] 
A T S(<5 2 ) = A T (n + d + s) = 0.6 to 1 at Q 2 of about 5-10 GeV 2 which compares well with 
a recent lattice calculation [jBCjJ , A-pS ~ 0.6 ±0.1. These results are intriguing since they seem 
to imply that the tensor charge behaves more like the 'naive' quark model expectation (5.16), 
A T S = AE 5 ^ 6 ) = 1, in contrast to the experimental result AS(Q 2 ) ~ 0.2 (cf. Table 3, for 
example) that quarks carry much less of the nucleon's spin than naively expected. Furthermore, 
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one of the outstanding puzzles is how to obtain an independent measure of ATq(Q 2 ) and thereby 
formulate a 'transversity sum rule' analogous to those that have been so helpful in the study of 
A(g + q) in connection with the spin of the proton. 

Keeping in mind that we need the transversity densities 5t Q (x, Q 2 ), besides the more com- 
mon f(x,Q 2 ) and Sf(x,Q 2 ), for a complete understanding of the leading twist— 2 sector of the 
nucleon's parton structure, we face the curious situation of having reached a remarkably ad- 
vanced theoretical sophistication without having any experimental 'transversity' measurements 
whatsoever! 
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Note added . Very recently the calculation of the NLO contributions to polarized photoproduc- 
tion of heavy quarks, 7p — * ccX, as discussed in Section 6.2, has been completed [I. Bojak and 
M. Stratmann, Univ. Dortmund/Durham report DO-TH 98/04, DTP/98/22 (hep-ph/9804353), 
Phys. Lett. B, to appear]. As expected, among other things, the dependence of A<r^ p in Q6.31 ) 
on \xp is considerably reduced in NLO. 



9 Appendix: Two— loop Splitting Functions and Anomalous Di- 
mensions 



In addition to the well known LO (l-loop)polarized splitting functions 46] which are given 
in Eqs. ( |4.16| ) and (4.21), with their n-th moment, as defined in (4.22), given in (4.26). For 
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completeness we list here the results for the NLO (2-loop) splitting functions SP^ as recently 



calculated in [436, 513]. As discussed in the text (Sect. 4, etc.), these calculations were done 



in the MS scheme. To deal with 75 and the e-tensor, the HVBM scheme [due to its not 
fully anticommuting 75, additional finite renormalizations are required in order to guarantee 
the conservation of the flavor non-singlet axial vector current, Eq. ( 4.93j )] or equivalently the 
reading point method has been used. The flavor non-singlet splitting functions in (|4.49 ) are the 
same as for the unpolarized case ]189|] 



SP. 



(1) 



NS± 



[x) 



^NS± ( X ) = Pqq 0*0 Pqq ( X ) 

3 3 7 

C F [— (2 In x In (1 — x) + - lnx)5p qq (x) - (- + -s) Ins 

+ x ) l n 2 x _ 5(1 _ x ) + (| _ + 6C(3))J(1 - x)} 



.1 



11 



67 7T 2 



20 



+C F C A [(-ln 2 x + — lns + — - —)5 Pqq (x) + (l + s)lns + — (1 - x 



6 



18 6 



+ (^ + §vr 2 -3C(3))<5(l-x)] 

9 in A 19 

+C F T f [-(- Ins + ^ )5p w (x) - - (1 - x) - (- + -7T 2 )5(1 - x)\ 

±{Cl ~ \c F C A ) [2(1 + s) In a; + 4(1 - x) + 2S 2 {x)5 Pqq {-x)} . 



(9.1) 



Note that the '±' meaning of 5Pns± has been interchanged in [pl3| . The flavor-singlet splitting 
functions in ( [4.53 ) are given by [ }436| , [513| ] (see Footnote || and ||) 



with 



and 



(i) 



8P£L.{x) = 2C F T f [l 



z — (1 — 3s) In s — (1 + s) In 2 x] 



(9.2) 
(9.3) 



2/<5P«(s) = Cjrl) 



22 + 27x - 9 In x + 8 (1 - x) ln(l - x) 



+5p qq {x) ( 21n 2 (l - x) - 41n(l - x) lnx + In 2 s if 



+C A T f 



2 (12 - llx) - 8 (1 - x) ln(l - x) + 2 (1 + 8s) lnx 
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-2 ( ln 2 (l - x) - y ) Sp gg {x) - (2S 2 (x) - 3 In 2 x) 5p qg {-x) 



8P${x) = C F T f 



+Cl 



4 4 

--(x + 4) - -5p gq (x) - x) 



-- - - (4- a;) lnx - Sp gq (-x) ln(l - x) 



+ ( -4 - ln 2 (l - x) + - In 2 x ) 5p gq (x) 



+CfCa 



1 



(4 - 13s) lnx + - (10 + x) ln(l - x) + - (41 + 35x) 



+-(-2,S 2 (x)+31n 2 z)<Sp OT (-s 



7T 



+ ( ln 2 (l - x) - 21n(l - x) lnx - — ) <5p OT (x) 



«5P«(x) = -C F I) 



10 (1 - x) + 2 (5 - x) lnx + 2 (1 + x) In 2 x + <S(1 - x) 



4 20 4 

4 (1 - x) + - (1 + x) lnx + — <5p gg (x) + -8(1 - x) 



+C\ 



1 19 

- (29 - 67x) lnx (1 - x) + 4 (1 + x) In 2 x - 2S 2 (x)5p gg (- 



+ ( ^ _ 41n(l - x) lnx + In 2 x - ^\ <^ gg (x) + ^(3) + | ) ,)( 



where C F = 4/3, C A = 3, T f = fT R = f/2, C(3) » 1.202057 and 

2 



(1-x). 



x — 1 , 



5pq 9 (x) = 2x - 1 



Sp gq (x) = 2- x , 



$Pgg{x) 



1 



-2x + l . 



(1-x). 

and the '+' description has obviously to be omitted for 5pa(—x). Furthermore, 



5-. 



,<»)-/ 



l+i 1 — 2 

— In ) . 

x_ z z 

1+x 
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For relating the above results to those of [436] the following expression for S^x) is needed: 

■2 



S 2 (x) 



-2Li 2 



1 7T" 

2 In x ln(l + x) H — In 2 x 

y 1 2 6 



(9.9) 



where Li 2 (;c) is the usual Dilogarithm [p00(|. The coefficient functions relevant for a consis- 
tent NLO(MS') analysis of gi(x,Q 1 ) in (|4.47l ) are given by Eqs. ( pUll) and (|0|). It should 
be recalled that convolutions involving the ( )+ distributions can be conveniently calculated 
numerically with the help of Eq. ( 4.18[ ). 

The n-th moments of these splitting functions, defined in ( 4.22| ), which are needed for the 
evolution equations ( 4.54| ) and ( |4.55| ) in Mellin-moment space, are as follows. The moments of 
the LO splitting functions, SP^ n , are given in ( ET26|) . The moments of the 6P$ s± (x) in Q, 
being the same as for the unpolarized case |18S| , |241|| (see Footnote ^|), are 



5P 



(l)n 



NS± 



Cl[2^-5 1 («) + 2(25 1 ( n ) 
n z [n + l) z 



-J—)(S 2 (n) - S' 2 &) 
n[n + 1) 2 

-36 2 (n) + 86(n) - S 3 (-) ^ tt^ — =F 2 — 07 tt^- 

v ; v ' 6X 2 J n 3 (ra+l) 3 8 n 3 (n + l) 3 1 



- r i_ T )(2S 2 (n)-S' a (-)) 
n(n + 1) 2 



11 



5 2 (n)-45(n) + -4 



n s 
'2' 



1 151n 4 + 236n 3 + 88n 2 + 3n + 18 17 2n 2 + 2n + 1 

24 ra 3 (n + l) 3 J 



18 



n 3 (n + l) 3 



±rr\ 20 f ^ 1 4 Q ^ 1 2 11n 2 + 5n-3 , 1 



(9.10) 



The moments of the flavor singlet splitting functions in (|9.2[) -( ^6| ) are given by [436, [279|| (see 
Footnote |) 

(9.11) 
(9.12) 



O-^gg — 0r ^NS- + 0r PS,qq 



with 



<5P; 



(l)n 



2C F T/ 



n 4 + 2n 3 + 2n 2 + 5n + 2 
n 3 (n + l) 3 



and 



2f5P^ n 



19 



C F T f 



n 



n[n + 
5n 5 + 5n 4 — lOn 



1 n — 1 

— (S 2 (n) - 5 2 (n))+4 fr(n 

- 1) n z (n + 1) 



n 2 + 3n - 2 



+ 2C A T f 



n 3 (n + l) 3 
n — 1 



_n(n + 1) 



S 2 (n) + S 2 - )+Si(n) 



n(n + l) 2 



Si(n) 
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91 



-5P (1)n 

u 99 



where 



Sk(n) 



Si. 



n 



2 

S(n 



n 



+ n 4 - 4n 3 + 3n 2 - 7n - 2 



AC F T f 



n 3 (n + l) 3 
n + 2 



(9.13) 



cl 



3n(n + 1) 
n + 2 



5i(n) + 



5n 2 + 12n + 4 
9n(n + l) 2 



+ 



n(ra + 1) 
9ra 5 + 30n 4 + 24n 



(5 2 (n) + 5 2 (n)) 



2 , 3n 2 + 7ra + 2 a 



n(n + l) s 



7ra 2 - 16ra - 4 



2n 3 (ra + l) 3 

— ^ —o2{n) + b 9 — 

n(n + 1) V A 7 2 V2 



76n 5 + 271n 4 + 254n 3 + 41n 2 + 72n + 36 
9n 3 (n + l) 3 
n 6 + 3ra 5 + 5ra 4 + ra 3 - 8ra 2 + 2ra + 4 



Sf(n) + 



lira 2 + 22ra + 12 
3n 2 (ra + 1) 



Si(n) 



(9.14) 



C F T f 



+ 4(^7) 



-7T^i(n) + 



n 3 (ra+ l) 3 
3ra 4 + 6ra 3 + 16ra 2 + 13ra - 3 



9n 2 (ra + l) 2 



+ Cl 



1 „i /n 



i (n 



-S 3 (-)-2S 1 (n)S 2 (-)+4S(n) + 



n(n + 1) 



67n 4 + 134ra 3 + 67ra 2 + 144n + 72 



Si(n) 



9n 2 (ra + l) 2 

48n 6 + 144ra 5 + 469n 4 + 698n 3 + 7ra 2 + 258n + 144' 
18ra 3 (ra + l) 3 



n 1 

i=i J 

n 

2^-2-£i(.7) 



i + (-y i 



(l + n)5 fe 



rC(3) + r? 



2 

gi(n 
;; 2 



+ 5(1-^1^ 



7T 



with G(n) = ^ (^±1) - V (f ), = dlnr(*)/dz and rj = ±1 for Ji$£fc and ^ = _1 for 

the flavor singlet anomalous dimensions. The analytic continuations in n, required for the 
Mellin inversion of these sums to Bjorken-x space [cf. Eq. (4.37)], are well known [284, 286] 



_ l Li 2 (x) 



1 + x 



(9.15) 

(9.16) 
(9.17) 
(9.18) 
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(see also |525f| ). The conventional anomalous dimensions 5^ are related to the 5P>-' via 

^ij ^ = — S&P^- Footnotes |l] and ||). The moments of the relevant MS coefficient functions 

for g™(Q 2 ) are given in Eqs. ( 4.63| ) and J4.64 ). Finally we list for completeness the first moments 



,(l)n 



(i) 



ij 



5P» 



(l)n=l 



and 



Jq dxSP^ (x) and the ones of the coefficient functions ACj = 5C, 



n=l 



AP 



(i> 



NS- 

AP (i) 
?<? 

AP (i) 

L - s - 1 gq 

99 



u ' L *- r NS+ 



1 1 ^ 

(C|-^C A )(^-7r 2 + 4C(3)) 



4 



AC,, 



:C F , AC q 



(9.19) 
(9.20) 
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